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Abstract 
Residual stresses are a common and often undesired result of material processing, 
introduced through non-linear deformation and/or phase transformation of material under 
mechanical or thermo-mechanical loading.  These macro stresses alter mechanical 
properties and the intrinsic fatigue crack growth characteristics of the material.  Residual 
stress artifacts can introduce inconsistencies and significant errors when the true material 
behavior is needed for material development and optimization and for structural 
component design.  The effects of quenching residual stresses on fatigue crack 
propagation behavior of various materials were investigated.  In parallel, residual stresses 
similar in magnitude and distribution with the quenching residual stresses were generated 
using mechanical processes to decouple the effects of residual stresses from 
microstructural effects.  Mechanical residual stress distributions predicted by 3D elastic-
plastic finite element analysis showed good agreement with the stresses measured on 
fatigue crack growth testing specimens using fracture mechanics approaches.  Crack 
propagation characteristics in fields with low and high residual stresses were studied 
using optical and scanning electron microscopy, and the effects of residual stress on crack 
path behavior were assessed.  An original residual stress analytical correction to fatigue 
crack growth data was developed, compared to existing corrective methodologies, and 
validated using residual stress free data.  Overall, the work provides tools to understand, 
control, and correct the effects of processing residual stresses on fatigue crack growth for 
accurate fatigue critical design and life predictions. 
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NONMENCLATURE 
 
a Crack length (measured from the center of specimen loading holes in the 
case of the compact tension (C(T)) specimen geometry) 
 
aeff Effective crack length including the radius of the plastic zone at the crack 
tip 
 
a0 Initial crack length at measurement increment used in the calculation of 
residual stress magnitudes using fracture mechanics approaches and 
weight functions for specimen geometry 
 
af  Crack length measured from compact tension (C(T)) specimen front face 
ai-1 Crack length at previous measurement using fracture mechanics 
approaches of measuring the stress intensity due to residual stress, 
equivalent to aj-1 
 
ai Crack length at current measurement using fracture mechanics approaches 
of measuring the stress intensity due to residual stress, equivalent to aj 
 
ai+1 Crack length at next successive  measurement using fracture mechanics 
approaches of measuring the stress intensity due to residual stress, 
equivalent to aj+1 
 
Avu Coefficient matrix used in conjunction with fracture mechanics 
approaches and specimen weight functions to calculate residual stress 
 
ACR Adjusted compliance ratio, the ratio of the difference between the secant 
compliance and initial compliance and the compliance in the absence of 
closure and the initial compliance 
 
b Total compact tension  (C(T)) specimen width in the direction of crack 
growth 
 
B  Compact tension (C(T)) specimen thickness 
C Paris intercept, the crack growth rate axis intercept of a line drawn tangent 
to the fatigue crack growth curve during Region II growth 
 
C0  Compliance in the absence of closure, above the opening load of a crack 
Ci  (Initial) Compliance prior to the initiation of a crack 
Cs (Secant) Compliance of one compliance load-displacement record, 
including crack closure 
14 
 
 
d Vertical distance from the center of compact tension (C(T)) specimen 
loading pin holes to the mid-plane of the specimen 
 
d0 Distance between reference scribe marks on compact tension (C(T)) 
specimen front face prior to machining of crack initiation notch 
 
dnotch Distance between reference scribe marks on compact tension (C(T)) 
specimen front face after machining of crack initiation notch 
 
dP Front face scribe distance due to an applied load 
 
e%  Elongation at failure 
E  Modulus of elasticity 
f Analytical function used in analytical correction to fatigue crack growth 
data 
 
g(E
*
) Function of material modulus of elasticity normalized to the modulus of 
elasticity of aluminum 
 
h Half of total compact tension (C(T)) specimen height normal to the 
direction of crack growth  
 
h(x,a) Geometry dependent weight function used in the calculation of residual 
stress from fracture mechanics approaches 
 
i Empirical constant used in analytical fatigue crack growth correction, 
interrelated to crack length and stress ratio 
 
j Empirical constant used in analytical fatigue crack growth correction, 
interrelated to stress ratio 
 
K  Applied stress intensity, equivalent to Kapp and Kelastic 
Kclosure   Stress intensity at which crack closure begins 
Kdisp Stress intensity necessary to achieve the front face notch displacement 
from the original distance between reference scribe marks on compact 
tension (C(T)) specimen front face prior to machining of crack initiation 
notch 
 
Kmax   Maximum stress intensity 
Kmin   Minimum stress intensity 
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Kplastic Stress intensity under an applied load calculated using the effective crack 
length 
 
Kplastic correction Difference between the applied stress intensity calculated using the crack 
length (elastic) and the stress intensity under an applied load calculated 
using the effective crack length 
 
Kres  Stress intensity due to residual stress calculated using fracture mechanics              
approaches 
 
Kresidual  Stress intensity due to residual stress calculated using restoring force 
approaches 
 
ΔK   Applied stress intensity range, equivalent to ΔKapp 
ΔKcl   Change in applied stress intensity range due to closure 
ΔKcorrection Analytical correction to applied stress intensity range which applies the 
stress intensity due to residual stress calculated using the restoring force 
concepts and an analytical function 
 
ΔKeff   Effective stress intensity range 
ΔKth   Crack growth threshold corresponding to a growth rate of 10
-7
 mm/cycle 
ΔKFT   Stress intensity range at specimen failure 
m Paris slope, the slope of a line drawn tangent to the fatigue crack growth 
curve during Region II growth 
 
m1(a/W) Elastic compliance solution to determine crack length for compact tension 
(C(T)) geometry defined in the ASTM E647 fatigue crack growth testing 
standard 
 
m2(a/W) Polynomial function to determine stress intensity with knowledge of 
applied load, crack length, and compact tension (C(T)) geometry defined 
in the ASTM E647 fatigue crack growth testing standard 
 
n Degree of plane stress 
 
N Number of cycles 
 
P  Applied load 
rp Radius of the plastic zone ahead of the crack tip 
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R  (Nominal) Stress ratio 
Reff  Effective stress ratio at the crack tip 
u Normalized elastic compliance for the compact tension (C(T)) specimen 
defined in the ASTM E647 fatigue crack growth testing standard 
 
udisp Front face notch displacement from the original Distance between 
reference scribe marks on compact tension (C(T)) specimen front face 
prior to machining of crack initiation notch 
 
und Front face notch displacement resulting from machining of the crack 
initiation notch, equivalent to Δδ 
 
uP Front face notch displacement due to an applied load 
 
W  Compact tension (C(T)) specimen width 
Z(a) Geometry dependent influence function used in application of the Cut 
Compliance method 
 
δ  Displacement  
dδmax  Change in maximum displacement 
dδP=0  Change in displacement at zero load, equivalent to dδres 
Δδ Notch clamping displacement measured for restoring force calculations, 
equivalent to und 
 
ν  Poisson’s ratio 
 
ζres  Residual stress 
 
ζUTS  Ultimate tensile strength 
 
ζY  Yield strength determined by 0.2% offset technique 
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CHAPTER 1: 
INTRODUCTION AND LITERATURE REVIEW 
 
Residual stresses are stresses that remain in materials after all external loadings and 
thermal gradients have been removed.  Most methods of processing metallic materials 
leave entrapped residual stresses due to the non-linear plastic deformation and/or volume 
changes from phase transformation within the material.  Numerous research studies have 
investigated the effects of residual stresses produced by cold rolling, welding, friction stir 
processing, burnishing, shot peening, laser shock peening, autofrettage, and quenching, as 
well as their effect on performance.  With respect to structural materials, the effect of 
residual stress on fatigue failure, fracture, and stress corrosion cracking has been of 
primary importance and interest.  While many of these processes introduce beneficial 
compressive residual stresses, which impede the initiation and growth of cracks, they also 
cause material and component variability when not well controlled.  Moreover, they 
could create bias in data generation and interpretation leading to inaccuracies in structural 
design.  
 
Fatigue is the failure of a material due to cyclic loading conditions, often a result of a 
combination of mechanical, thermal, and corrosion factors.  In the laboratory setting, the 
combination of these factors can be decoupled and the material response to each 
investigated.  Fatigue crack growth (FCG) due to mechanical loading was first 
documented in an article by Wilhelm Albert in 1837 [1,2], who published the first fatigue 
tests of his work investigating the properties of conveyor chains used in mines.  
Mechanical fatigue of ductile materials posed a dilemma to design engineers of time, as 
well as today, because mechanical failures can occur well below the yield strength of a 
18 
 
material.  The next 120 years of development in the field of fatigue led to a safe-life 
design approach, which was documented as early as 1853 [2].  This design approach 
applies test results of a component to prescribe a safe operating lifetime and 
inspection/repair intervals, regardless of the presence of service flaws.  While this 
approach was recognized as inefficient and costly, due to the lack of understanding of 
FCG mechanisms, it was the safest approach to fatigue sensitive design at the time.  
Application of this approach employs charts plotting cycles to failure as a function of 
stress or strain, or vice versa.  These plots are commonly known as S-N or ε-N curves, 
and are still commonly used as elementary fatigue tools.   
 
A fail-safe understanding, the understanding of how existing flaws propagate and effect 
fatigue life, did not spring its roots until the late 1950’s.  Irwin [3], applying concepts of 
Griffith [4], realized that the stress intensity around a crack was the determining factor of 
static strength in the cracked state.  This realization was quickly applied to low-cycle 
fatigue, and the field of fracture mechanics was born.  In 1962, during his Ph.D. work, 
Paris [5] recognized that FCG rates during steady state crack growth could be related to 
the applied stress intensity range by Equation (1.1). 
 mKC
dN
da
          (1.1) 
where da/dN is the crack growth rate, ΔK is the applied stress intensity range, and C and 
m are measured constants corresponding to the intercept and slope of a log(da/dN) – 
log(ΔK) plot.  An illustration of a FCG curve typical of ductile failure is shown in Figure 
1.1.  This relationship enabled a more mature understanding of fatigue life in components 
with existing flaws and led to significant gains in fatigue performance and design.  The 
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concepts introduced by Paris are still widely used today in the characterization of the 
fatigue response of engineering materials.  
 
Figure 1.1 Illustration of FCG curve typical of ductile failure. [6] 
 
Crack closure during cyclic loading was first documented by Christensen [7], and was 
later well established by Elber [8]. External effects that have been documented to induce 
crack closure include residual stress, roughness, oxides, plasticity, phase transformations, 
and viscous fluids.  Newman used plasticity-induced crack closure in a finite element 
program based on a strip yield model attempting to predict crack growth [9]. It was 
subsequently recognized by Suresh and Ritchie that other sources of closure, including 
roughness, oxides, and residual stress in addition to plasticity induced closure, have a 
significant effect on crack growth behavior especially in the near-threshold regime [10]. 
To establish appropriate stress intensity ranges in the presence of closure, various 
alternative closure corrective methods have been proposed [11-13]. From the proposed 
methods, the Adjusted Compliance Ratio by Donald et al., derived from fracture 
mechanics concepts, has been found to most accurately calculate the effective stress 
intensity range in the presence of closure, ΔKeff, and generate good agreement with FCG 
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results produced in the absence of closure [11].  The final equation used in applying the 
ACR method to FCG data is defined in Equation (1.2). 
K
CC
CC
KACRK
i
is
eff 



0
       (1.2) 
where Cs is the secant compliance of the entire load-displacement curve, Co is the 
compliance above the crack opening load, and Ci is the compliance before crack 
initiation.   
 
Residual stress, more so than other closure mechanisms can govern fatigue crack growth 
characteristics if magnitudes are large enough.  Determination of the residual stress 
magnitude, distribution, and re-distribution within rectangular testing coupons and its 
effect on crack growth has been studied due to their significant effect on fatigue crack 
growth (FCG) [14-25].  To understand these effects it is imperative to be able to control 
the residual stress magnitudes and distribution while maintaining the material 
microstructure.  Previous studies have investigated the introduction of surface residual 
stress to common FCG and fracture toughness testing geometries using mechanical 
techniques [16]. Mechanical methods are advantageous when introducing surface or bulk 
residual stresses since they do not induce changes in microstructure in the majority of 
structural materials.   
 
The measurement of residual stress in rectangular coupons common to FCG and fracture 
toughness testing has been accomplished through the use of fracture mechanics 
approaches, more specifically measuring the strain produced by the relaxation of residual 
stress through incremental cutting [20-22].  These techniques are convenient due to their 
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direct applicability to the correction of FCG data generated from specimens with similar 
residual stress distributions and magnitudes.  Recently crack compliance methods have 
been developed to calculate the stress intensity due to residual stress at the crack tip, Kres; 
this method can be conveniently incorporated into real-time data collection tools [25].  It 
was derived from linear elastic fracture mechanics (LEFM) concepts.  The method 
extrapolates the Cut Compliance method developed by Schindler [22] to physical cracks, 
and it applies an incremental approach that uses the maximum displacement, 
displacement at zero load, and the maximum stress intensity, Kmax, to calculate Kres, 
Equation (1.3).  The crack compliance method requires very stable load-displacement 
signals for accurate calculations; the final Equation for Kres is simple and easy to apply 
without the need of influence functions necessary to apply the Cut Compliance method.   
max
0
max


d
d
KK Pres
          (1.3) 
where dP=0 is the change in displacement at zero load and dmax is the change in 
displacement at maximum load.   
 
For this approach, load-displacement records are directly used for real-time Kres 
calculations.  The load-displacement parameters relevant to the calculation of Kres are 
shown in Figure 1.2.  The technique relies on the crack being open during measurements, 
and it can be applied to both tensile and compressive residual stresses providing that Kmax 
is significantly large to permit crack opening.  
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(a) (b) 
Figure 1.2 Load-displacement records used in the crack compliance calcuation of Kres: (a) 
tensile residual stress and (b) compressive residual stress [23]. 
 
Entrapped residual stresses affect the fatigue crack growth behavior of the material by 
adding Kres to the applied stress intensity, Kapp, yielding Kapp+Kres.  This method of 
superposition has been applied in previous studies [14,16,18,19,26,27].  Residual stress 
also changes the applied stress ratio, R.  In the absence of residual stress the stress 
intensity range and stress ratio are defined as Equations (1.4) and (1.5). 
minmax KKK           (1.4) 
max
min
K
K
R            (1.5) 
where Kmin is the minimum stress intensity. However, with the presence of residual stress, 
the superposition of Kres must be applied to both Kmax and Kmin.  Equations (1.4) and (1.5) 
become: 
   resres KKKKKKK  minmaxminmax      (1.6) 
and 
res
res
KK
KK
R



max
min
         (1.7) 
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In general, tensile residual stresses yield positive Kres values that increase the applied 
stress ratio, while compressive residual stresses yield negative Kres values and decrease 
the applied stress ratio.  If tensile residual stresses are large enough, or if FCG testing is 
performed at a high stress ratio the relationship in Equation (1.8) is satisfied, and there 
will be no change in the stress intensity range, and deviations from FCG data in the 
absence of residual stress will be governed by Kmax effects.    
closureres KKK min          (1.8) 
Where Kclosure is the stress intensity at which the crack begins to experience partial 
closure effects.   
 
If compressive residual stresses are large enough, or if FCG testing is performed at a low 
stress ratio, the inequality in Equation (1.8) will not be satisfied be satisfied and the stress 
ratio at the crack tip will be negative.  FCG behavior under such a scenario would be 
governed by crack closure and dependent on the effective stress intensity range, ΔKeff. In 
previous studies it has been common in the presence of crack closure due to residual 
stress that zero stress ratio be reported rather than a negative stress ratio [15,18,19].  This 
assumption, while not physically accurate, has proved to be a reasonable approximation 
during the evaluation of FCG data.   
 
The correction of ΔK values generated from FCG tests conducted in the presence of 
residual stress is a necessary step for accurate interpretation of FCG rate data, application 
to design, and generating accurate life predictions [14-19, 23, 26-35].  The Restoring 
Force Model (RFM) was developed by Lados and Apelian [36], and it presents an 
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analytical tool for residual stress corrections to FCG data based on calculating the Kresidual 
necessary to restore stress equilibrium at the notch tip of a compact tension (C(T)) 
specimen, Figure 1.3.   The method uses the front face notch displacement after EDM of 
the crack starter notch to calculate the necessary force to restore zero residual stresses at 
the root of the notch.  It was found that of ½ of the force necessary to bring the notch to 
its original position was necessary to re-establish stress equilibrium at the notch tip.  An 
illustration showing the physical significance of the empirical factor of ½ is shown in 
Figure 1.3.  The method was applied successfully to a series of cast Al-Si alloys creating 
good agreement between data generated in high residual and data from low residual stress 
specimens.  The cast alloys had varying amounts of Si and Si morphology, which created 
vastly different microstructures.   
 
(a) (b) (c) 
Figure 1.3 Restoring Force Model: (a) the original residual stress distribution after EDM 
of the notch, (b) the residual stress distribution after restoring the original notch spacing, 
and (c) the residual stress distribution after establishing equilibrium at the notch tip [18].
 
 
The final correction, Equation (1.9), was derived from equations provided in the ASTM 
E647 standard [37] for fatigue crack growth testing. 
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where W is the width of the C(T) specimen, a is the instantaneous crack length, E is the 
modulus of elasticity, Δδ is the front face notch displacement, m1 is used in conjunction 
with the measured compliance to determine crack length, and m2 determines stress 
intensity with known crack length and load.  
 
A comprehensive residual stress corrective methodology is one that can be applicable to 
any material, testing conditions, and residual stress profile.  A fundamental requirement 
for an accurate residual stress corrective methodology is the acquisition of proper and 
accurate measurements.  Due to existing measurement techniques on the front face of a 
C(T) specimen, displacement measurements which measure a far-field effect of residual 
stress prove to be advantageous.  These guidelines for comprehensive and accurate 
residual stress corrections suggest a proposed method should have the following 
characteristics: 
 Displacement measurement(s) must be taken in the absence of closure, close to 
Kmax.  Thus, measurements can be taken in either tensile or compressive residual 
stress fields.   
 Deviations from FCG data generated in minimal residual stress conditions will 
occur at any stress ratio.  Corrections should adequately account for Kmax and 
stress ratio effects at intermediate and high stress ratios and changes in ΔK due to 
closure at low stress ratio.   
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 A point of reference must be established in order to evaluate the stress state 
(compression or tension) and magnitude with respect to a “stress free” state.   
 The effects of plasticity must be corrected, particularly as Kapp becomes large and 
crack tip plasticity causes increasingly inaccurate displacement measurements. 
 
Fatigue crack growth behavior of Al-Si-Mg wrought alloys has been studied in previous 
work [38-42].  Natural and artificial aging of these alloys produces more-coherent and 
less-coherent precipitates respectively.  In the case of artificially aged alloys, the 
production of less-coherent precipitates results in lower crack deflection and roughness 
due to looping or bypassing of the precipitate [38].  Mn and Cr dispersoid forming 
elements which create evenly distributed spherical and rod shaped particles in the alloy 
microstructure have been found to promote tortuous crack paths and higher observed 
roughness [41, 42].  In previous work by Bergner, aluminum alloys were classified into 
two distinct groups [38].  The two groups, denoted “I” and “II” were classified based on 
growth rates at ΔK = 10 MPa√m. Group I was denoted as having growth rates of 
approximately (0.165±0.045) μm/cycle. Group II was identified as having significantly 
lower growth rates due to the presence of increased plasticity and/or roughness induced 
closure. 
 
To aid in the characterization of the fatigue response of materials, a two-parameter 
approach stating the inter-dependence of ΔK and Kmax was suggested by Vasudevan and 
Sadananda [43].  The approach states that crack growth behavior, such as crack threshold, 
requires a combination of dynamic and monotonic loading conditions in order for a crack 
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to grow.  This approach requires the effective stress intensity range, ΔKeff, and thus small 
crack testing results have been most commonly applied.  If this approach was applied to 
long FCG, corrections for closure and residual stress would have to be done.    
 
In Chapter 2, “Materials and Experimental Methodology”, the structural engineering 
materials to be investigated are introduced in terms of their compositions, 
microstructures, and mechanical properties.  Fatigue crack growth testing parameters and 
conditions are also stated for all tests conducted in this study.   
 
In Chapter 3, taken in large from  “Modeling of Residual Stress in Structural Materials: 
Computational, Mechanical, and Metallurgical Approaches” by Christopher J. Lammi 
and Diana A. Lados, to be submitted to the journal Engineering Fracture Mechanics, an 
experimental technique to mechanically induce residual stress in fatigue crack growth 
testing coupons is presented.  Stresses are introduced using a pin compression technique 
which was successively modeled using 2D finite element analysis and 3D finite element 
analysis including contact, plasticity, and the resulting through-thickness variation from 
these effects.  Stresses were modeled to replicate that of a cold water quench, and 
agreement between modeled and experimentally induced residual stresses was found.  
Fatigue crack growth testing was performed and the effect of mechanically induced 
residual stress was found to produce similar results in terms of crack threshold and other 
parameters important to design and life prediction.  The results from the modeling and 
measurement of residual stress distributions establishes an understanding of the state of 
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stress at the crack tip during fatigue crack growth through specimens with quenching 
residual stress and the effect of these stresses on fatigue crack growth.   
 
In Chapter 4, taken in large from “Effects of Processing Residual Stresses on Fatigue 
Crack Growth Behavior of Structural Materials: Experimental Approaches and 
Microstructural Mechanisms” Christopher J. Lammi and Diana A. Lados, to be 
submitted to the journal Metallurgical and Materials Transactions, the effects of residual 
stress on crack growth rates, crack path roughness, crack path branching, and crack 
deflection in aluminum alloy 6061-T61, a wrought Al-Si-Mg alloy, is presented.  
Exploration of the effects of residual stress on fatigue crack growth is investigated further 
than Chapter 3, and changes in these crack path characteristics are correlated with 
closure, ΔKeff, stress ratio, and Kmax+Kres.  Crack path behavior is presented using both 
optical and electron microscopy fractographic analysis.  The results support the inclusion 
of residual stress effects on the microstructural crack path characteristics when evaluating 
the microstructures with considerations of fatigue performance.   
 
In Chapter 5, take in large from “Effects of Processing Residual Stresses on Fatigue 
Crack Growth Behavior of Structural Materials:  Mathematical and Analytical 
Corrections” by Christopher J. Lammi and Diana A. Lados, to be submitted to the 
journal International Journal of Fatigue, an analytical corrective model to correct the 
combined effects of residual stress on collected fatigue crack growth rates is presented.  
The analytical approach is an extension of the previously developed Restoring Force 
Model, and correlates the difference between the stress intensity due to displacement 
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above the un-notched position of the specimen and the applied stress intensity to a 
necessary FCG correction. The newly developed model includes methodologies to 
correct over a variety of materials, crack lengths, stress ratios, and with increasing 
plasticity during Region III growth.   Corrections are applied to two as cast Al-Mg alloys, 
a wrought Al-Si-Mg alloy, a wrought titanium alloy, and a low carbon steel alloy with 
good agreement between low residual stress and corrected high residual stress fatigue 
crack growth curves.   
 
In Chapter 6, taken in large from “An Evaluation of Residual Stress Correction and 
Measurement Methods for Fatigue Crack Growth Data Biased by Residual Stress” by 
Christopher J. Lammi, Diana A. Lados, and Keith Donald, to be submitted to the journal 
Fatigue and Fracture of Engineering Materials and Structures, the corrective technique 
developed in Chapter 5 is evaluated along with previous work by Lados, Apelian, and 
Donald.  The final corrective approach that is presented provides an accurate 
methodology to compare and evaluate engineering materials for use in critical structural 
applications and produce fatigue crack growth data for design and life prediction.    
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CHAPTER 2: 
MATERIALS AND EXPERIMENTAL METHODOLOGY 
2.1 Alloys, Processing, and Material Properties 
Five common structural engineering alloys were analyzed and tested in this study, Two 
aluminum A535 alloys, a wrought aluminum 6061-T61 alloy, a Ti-6Al-4V alloy, and a 
1018 steel alloy.   
The composition of the 6061 alloy is reported in Table 2.1.   
Table 2.1 Composition of 6061-T61 alloy (weight %) 
Alloy Si Fe Cu Mn Mg Cr Ti Al 
6061-T61 0.64 0.38 0.26 0.033 0.90 0.21 0.018 Balance 
 
 
The 6061 alloy received a T61 heat treatment, for peak strengthening of this precipitation 
strengthened alloy.  The heat treatment consisted of 1 hour of solutionizing at 540°C, 
quenching in cold water (15°C), 12 hours of natural aging, and then completed with 8 
hours of artificial aging at 175°C.  Microstructural analysis of the 6061-T61 alloy 
revealed two larger types of secondary phases present in the alloy’s microstructure.  The 
secondary phases were identified to be overgrown Mg2Si due to incomplete solutionizing 
and AlFeSi which had occupied grain boundary regions during solidification, and had 
been broken and redistributed during the deformation process.  Also present in the alloy’s 
microstructure are Mg-Si precipitates resulting from the natural and artificial aging 
process and globular α-Al(FeCr)Si dispersoids which are common to alloys containing Cr 
and having undergone a T6 heat treatment.  The Mg-Si precipitates are the alloy’s 
primary strengthening mechanism.  The larger secondary phases are shown in Figure 
2.1(c).  Barker’s etchant applied to the alloy microstructure to reveal grain size and 
orientation, and grain size analysis yielded 266 µm grain size in the rolling direction of 
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the plate, with an aspect ratio of approximately 2:1, Figures 2.1(a) and (b).  The ambient 
temperature static properties of the alloy are presented in Table 2.2.   
  
(a) (b) 
 
(c) 
Figure 2.1 6061 alloy microstructure. (a) Barker’s etchant applied to 6061 microstructure 
revealing grain size and orientation normal to the crack plane. (b) Barker’s etchant 
applied to 6061 microstructure revealing grain size and orientation parallel to the crack 
plane. (c) Lightly etched (0.5% HF solution) sample of 6061 microstructure revealing 
large secondary phases. 
 
The composition of the cast A535 alloys is shown in Table 2.2. 
Table 2.2 Composition of the Al-7%Mg (A535) alloys with 275 µm and 75 µm average 
grain size (weight %) 
Alloy Si Fe Cu Mn Mg Ti B Al 
A535 275 µm 0.013 0.045 0.001 0.237 6.90 0.001 0.002 Balance 
A535 75 µm 0.011 0.055 0.001 0.238 7.24 0.061 0.015 Balance 
 
AlFeSi 
Mg2Si 
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Grain size in the cast alloys was varied using the combined effects of Ti/Ti-B grain 
refining and varying cooling rates within the end chill mold.  The average grain sizes of 
the alloys were indentified to be 275 µm and 75 µm at the height of the crack plane.  The 
resulting grain sizes with and without the addition of grain refinement can be seen in 
Figure 2.2 (a) and (b) respectively.  Secondary phases were identified in the A535 
microstructure.  Deleterious Al3Mg2 phases were found at the A535 grain boundaries, 
often occupying triple points.  Within the A535 grains, Mg2Si and Al3Fe phases were 
identified as dispersoids which resulted during the solidification process. These 
secondary phases are shown in Figure 2.2 (c). 
  
(a) (b) 
 
(c) 
Figure 2.2 A535 alloy microstructure. (a) Barker’s etchant applied to A535 
microstructure revealing 75 µm grain size after grain refinement. (b) Barker’s etchant 
applied to A535 microstructure revealing 275 µm grain size without grain refinement. 
Al3Fe 
Al3Mg2 
Mg2Si 
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plane. (c) Lightly etched (0.5% HF solution) sample of A535 microstructure revealing 
secondary phases. 
 
The typical composition of Ti-6Al-4V alloy is shown in Table 2.3.   
Table 2.3 Typical composition of Ti-6Al-4V alloy (weight %) 
Alloy Al V O N Fe C Ti 
Ti-6Al-4V 5.5.6.76 3.5.4.5 <0.2 <0.05 <0.25 <0.08 Balance 
 
 
The alloy given a mill anneal heat treatment which consists of deformation at 955°C, air 
cooling, and annealing at 760°C for 8 hours. The alloy was etched with an oxalic acid – 
HF etchant to reveal microstructural characteristics.  The resulting microstructure 
consisted of 69% alpha-grains with an average size of 25 µm and 31% beta phase 
restricted to the alpha boundaries.  The alpha-phase consists of a combination of retained, 
equiaxed alpha and transformed, acicular alpha. 
 
Figure 2.3 Ti-6Al-4V alloy microstructure etched with oxalic acid-HF etchant to reveal 
dual phase, alpha-beta structure, with alpha grains shown in white, and beta grains shown 
in black. 
 
The composition of the 1018 steel alloy, low carbon steel, is reported in Table 2.4.  The 
alloy was received in a cold rolled and annealed condition.  A stress relief anneal was 
performed at 650°C for 6 hours followed by air cooling to assure low residual stresses.  
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Microstructural analysis was not performed on the 1018 steel alloy, as it was used purely 
for residual stress analysis.  Typical microstructures for the 1018 alloy are shown in 
Figure 2.4, courtesy of the ASM Handbooks Online, showing a dual pearlite and ferrite 
microstructure. 
 
Figure 2.4 Typical 1018 steel alloy microstructure etched with nital to reveal dual 
pearlite-ferrite phase microstructure.  Pearlite (dark) is shown in a matrix of ferrite.  
Image courtesy of ASM Handbooks Online (http://www.asminternational.org) 
 
Table 2.4 Composition of 1018 steel alloy (weight %) 
Alloy S P Mn C Fe 
1018 Steel 0.005 0.009 0.680 0.151 Balance 
 
 
The ambient temperature static properties of all alloys are presented in Table 2.5.  The 
tensile testing was done according to the ASTM E08 testing standard.   
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Table 2.5 Elastic modulus (E), yield strength (ζY), ultimate tensile strength (ζUTS), and 
elongation at failure (e%) for all alloys 
 
Alloy 
E ζY
*
 ζUTS Elongation  
at Failure 
(e%) 
SI 
(GPa) 
US 
(Msi) 
SI 
(MPa) 
US 
(ksi) 
SI 
(MPa) 
US 
(ksi) 
6061-T61 70.3 10.2 292 42.3 317.0 46.0 17.0 
A535 275 µm 71.4 10.4 128 18.6 219.6 31.9 6.26 
A535 75 µm 69.5 10.1 132 19.1 249.5 36.2 7.88 
Ti-6Al-4V 121 17.6 868 126 934.9 136 17.6 
1018 Steel 208 30.2 386 56.0 634 92.0 27.0 
*
0.2% offset yield strength 
 
Residual stresses were introduced in FCG specimens by thermal quenching of material 
coupons from typical heat treating temperatures of the alloys.  The 6061 alloy was 
quenched from a solutionizing temperature of 540°C, a typical solutionizing temperature 
for an Al-Si-Mg alloy.  The A535 alloys were quenched from 420°C, an appropriate 
solutionizing temperature for Al-Mg alloys. (Note: The Al-Mg alloys are solution-
strengthened alloys which are not typically heat treatable.  Heat treatment was done in 
this study solely to introduce residual stress.)  The Ti-6Al-4V alloy was quenched from 
760°C, corresponding to the annealing temperature during the mill-anneal heat treatment.   
The 1018 steel alloy was quenched from 650°C for the sole purpose of inducing residual 
stress.  Low residual stress specimens were prepared in a similar manner to preserve 
microstructural characteristics.  The 6061-T61 alloy was machined from a significantly 
larger material coupon, which had received the same T61 heat treatment. The A535 
alloys, non-heat-treatable alloys, were machined into testing specimens in their as-
received condition.  The Ti-6Al-4V alloy was heated to 760°C and promptly quenched to 
ensure minimal microstructural change.  The 1018 steel alloy was stress relieved at 650°C 
and allowed to air cool.  Verification of low residual stress was done using comparisons 
of front face notch displacements measured during specimen preparation. 
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2.2 Specimen Preparation 
Compact tension (C(T)) specimens, Figure 2.4, were prepared in both low and high 
residual stress conditions.  The relevant C(T) specimen dimensions were 50.8 mm (2.000 
in.) width (W) and 10.2 mm (0.400 in.) thickness (B), which met the ASTM-E647 
standard [37].  Overall dimensions were 63.5 mm x 61.0 mm x 10.2 mm (2.500 in. x 
2.400 in. x 0.400 in.).  The crack initiation notch was introduced by wire electrical 
discharge machining (EDM).  It measured 25.4 mm (1.000 in.) long from the front face 
and 12.7 mm (0.500 in.) from the center of the loading pin holes. The EDM notch 
thickness was 0.254 mm (0.010 in.).   
 
Figure 2.5 Compact tension (C(T)) geometry. 
 
Before and after the EDM of the crack starter notch, measurements were taken of the 
vertical distance between parallel reference scribe marks located on the front face of the 
C(T) specimen, approximately 10.2 mm (0.400 in.) apart.  These measurements are used 
in calculating the front face notch displacement, and determining the magnitude of 
residual stress present in the testing specimen. The front face notch displacements for all 
alloys, stress, and testing conditions are listed in Table 2.6.  The measurement precision 
limit of the Nikon MM-400 microscope used to perform the measurements was 0.002 
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mm; therefore displacements found smaller than this value were not reported.  6061-T6 
was used as pin material for introducing mechanical residual stresses using the 
mechanical residual stress technique presented in Chapter 3.  Pins were machined using 
CNC machining for dimensional accuracy.  Pins were compressed under displacement 
control using an Instron 5500 fully reversible mechanical testing machine. 
 
Table 2.6 Front face notch displacements for all alloys and stress conditions 
Alloy Stress 
Ratio 
Stress Condition Front Face  
Notch Displacement 
(mm) 
A535 
75µm GS 
R=0.1 Low <0.002 
High -0.066 
  High Mechanical -0.104 
A535 
275µm GS 
R=0.1 Low <0.002 
High -0.062 
  High Mechanical -0.063 
 
Ti-6Al-4V 
R=0.1 Low <0.002 
High -0.029 
 
 
6061-T61 
R=0.1 Low -0.015 
High -0.088 
 High Mechanical -0.102 
R=0.5 Low -0.054 
High -0.121 
R=0.7 Low -0.024 
High -0.158 
1018 Steel R=0.1 Low -0.006 
High -0.054 
 
 
2.3 Fatigue Testing Parameters 
 
C(T) specimen FCG tests were performed according to the ASTM-E647 standard.  
Testing was done at ambient temperature, 22-24°C (71-75°F) and relative humidity of 
20-50%.  Specimens were tested under K-control conditions.  FCG testing was performed 
on all alloys in low and high residual stress condition at nominal stress ratio, R=0.1.  
Intermediate and high stress ratios tests, nominally R=0.5 and R=0.7 respectively, were 
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performed on the 6061-T61 alloy in low and high residual stress conditions.  Two 6061-
T61 specimens, in the low and high residual stress condition, were also tested under a 
constant Kmax=10.98 MPa√m
 (10 ksi√in) and R=0.1.  Crack growth was measured by the 
compliance technique.   
 
All gradient-K FCG testing followed the same testing procedure: 
 A decreasing Kmax test at 20 Hz to generate Region I data, and the crack growth 
threshold, ΔKth, corresponding to a crack growth rate of 10
-7
mm/cycle.   
 An increasing Kmax test at 20 Hz to generate Region II data. 
 An increasing Kmax test at 5 Hz to generate Region III data.   
 Post-test visual corrections to the crack length were applied. 
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CHAPTER 3:  
MODELING OF RESIDUAL STRESS FIELDS IN STRUCTURAL 
MATERIALS:  COMPUTATIONAL, MECHANICAL, AND 
METALLURGICAL APPROACHES 
 
Chapter 3 proposes an original methodology to mechanically introduce various 
distributions of residual stresses into compact tension (C(T)) specimens by the 
compression of pins at select locations within the specimen.  In this study, the stress 
distribution and magnitude will be tailored and optimized to match that produced by a 
cold water quench, a common processing step during heat treatment.  The optimization of 
the method to create the desired stress distribution in C(T) specimens was accomplished 
through a succession of analytical and numerical models.  An experimental replica of the 
final numerical model was created and residual stress levels were evaluated using the Cut 
Compliance method, a fracture mechanics technique.  FCG testing was performed on 
C(T) specimens of low, high processing residual stress, and high mechanical residual 
stress to compare the crack growth behavior response and validate the proposed 
methodology. 
 
3.1 Modeling Methodology 
Numerical modeling was performed using ANSYS finite element analysis (FEA).  A 
progressive analysis from 2D linear-elastic FEA to 3D elastic-plastic FEA including 
contact, through-thickness stress variation, and elastic spring-back after deformation was 
performed to predict residual stress profiles in C(T) specimens.   
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3.1.1 2D Linear Elastic Modeling 
Numerical modeling was applied to the C(T) geometry, Figure 3.1.  A series of plane 
stress with thickness, linear-elastic sensitivity studies were conducted to determine the 
optimal pin size, location, and necessary hole pressure to produce the residual stress 
profile of a cold water quench.  In previous studies [36], as well as this work, this profile 
was to be compressive in the exterior and tensile in the interior of the C(T) specimen.  
Quadrilateral finite elements (PLANE82) were coarsely meshed throughout the majority 
of C(T) specimen.  Mesh refinement was performed in regions close to the crack 
initiation notch due to the small radius of curvature of the notch, 0.127 mm (0.005 in.). 
Simulations modeled the response of aluminum 6061-T61, a common structural 
engineering alloy. Material constants elastic modulus (E=70.3 GPa) and Poisson’s ratio 
(ν=0.33) for aluminum 6061-T61 were required for this series of modeling.  Uniform 
pressure was applied to the holes to simulate pin expansion and the resulting maximum 
Von Mises’ stress values were kept below the yield stress (ζY) of the material to ensure 
accurate linear-elastic modeling of an aluminum 6061-T61 alloy.  Displacement 
boundary conditions were applied to a single corner node to prevent movement of the 
modeled C(T) specimen. The 2D model, with mesh and optimized pin size and location, 
is shown in Figure 3.2.  The simulated residual stress distribution produced through the 
optimization of modeling parameters is shown in Figure 3.3, and demonstrates the 
compression-tension-compression symmetry in the longitudinal (crack propagation 
direction) and transverse (normal to crack propagation direction) stresses along the crack 
plane. 
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Figure 3.1 Relevant parameters defining the C(T) specimen geometry used for FCG 
testing and residual stress measurement. 
 
 
Figure 3.2 2D modeling geometry and mesh with optimized pin hole size and location. 
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Figure 3.3 Stress distribution along the crack plane of the modeled 2D linear elastic C(T) 
specimen with optimized pin hole size and location. 
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3.1.2 3D Modeling of Elastic-Plastic Behavior and Contact 
The optimized pin size and location determined from the 2D linear-elastic FEA studies 
were used in the 3D FEA model shown in Figure 3.4.  Contact (CONTA174) and target 
(TARGE170) elements compatible with the 20-node brick structural elements 
(SOLID186) were selected.  Contact and target elements were created on the contact 
surface of the pins and holes, respectively.  Additional pin surface area was mapped with 
contact elements to accommodate for plastic deformation and sliding into the 
compression holes.  Similar to the 2D FEA, a coarse mesh was used throughout the 
majority of the C(T) specimen.  Mesh refinement was performed in regions around the 
crack initiation notch, pin compression holes, and pin loading hole of the C(T) specimen.  
The circular pin faces were constrained in all directions except for the compression 
displacement direction.  Pins were compressed by applying displacement to the circular 
faces on each side of the pin.  Displacement constraints were placed on a single node 
within the C(T) specimen body to eliminate rigid body motion.  A “spring back” analysis 
was performed as a final load step to accurately model the elastic recovery of both the 
pins and the C(T) specimen after the “force” required for the displacement-controlled 
compression of the pins was removed. Spring back analysis only included a displacement 
constraint boundary condition on a single node within the body of the C(T) specimen.  
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(a) (b) 
Figure 3.4 3D FEA solid model and mesh:  (a) Mesh without compression pins. (b) Mesh 
with compression pins. 
 
Mechanical properties of the pin and C(T) material were modeled with 6061-T61 
experimentally generated static material properties listed in Table 2.5.  Stress-strain 
relation used in the simulations was generated from tensile testing results and is plotted in 
Figure 3.5.  The J2 flow isotropic hardening plasticity model in the ANSYS software was 
used to model plasticity.   
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Figure 3.5 6061-T61 stress-strain relationship used in FEA simulations. 
 
44 
 
Transverse and longitudinal stresses along the crack plane of the 3D model were found 
similar in magnitude and distribution to the 2D modeling results.  The transverse, 
longitudinal, and through-thickness directional stress distributions along the center of the 
crack plane are presented in Figure 3.6.  A minimal through-thickness stress was 
observed due to frictional forces between the pins and C(T) specimen and non-uniform 
expansion of the pin in the hole.  Through-thickness variation of transverse, longitudinal, 
and through-thickness stresses was observed to be less than 5% of the simulated stress 
magnitudes, therefore it was found adequate to report only values along the center of the 
crack plane.  Low through-thickness stresses were desirable to match the low through-
thickness stress present in experimental C(T) specimens used in FCG.  Significant 
material removal is performed in this direction during experimental specimen preparation 
to minimize through thickness stress and through thickness variation in residual stress; 
these stresses can cause “crack bowing” and break adherence to the ASTM-E647 testing 
standard.  Pin compression displacements of approximately 2.5 mm were found to 
produce adequate residual stress magnitudes (30-40 MPa).  This displacement value was 
used to as initial displacement value in the preparation of experimental specimens.  Front 
face notch displacement of the modeled C(T) specimen was extracted from each 
numerical analysis as a first-order evaluation of the residual stress magnitude while 
residual stress distribution is kept constant.  Simulated front face notch displacements 
were found to be ~0.030 mm as a result of the pin faces having undergone a displacement 
of 2.5 mm.  The pin compression and front face notch displacements can be compared 
and tailored to match experimental specimens with processing and mechanical residual 
stresses.  
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Figure 3.6.Longitudinal, transverse, and through thickness stresses along the center of the 
crack plane of the modeled 6061-T61 C(T) specimen after pin compression and spring-
back analysis. 
 
3.2 Experimental Measurement of Residual Stress 
Two C(T) specimens of aluminum 6061-T61 were prepared for measurement of 
processing and mechanical residual stresses using the Cut Compliance method. 
Processing residual stresses were the result of cold water quenching during the T61 heat 
treatment.  The T61 heat treatment consists of solutionizing for 1 hour at 540°C, 
quenching in cold water (15°C), natural aging for 12 hours, and artificial aging for 8 
hours at 175°C.  Little material was removed during the machining of the C(T) specimen 
from the quenched coupon in order to preserve a high residual stress state. 
 
The heat treatment of the mechanical sample was the same as the processed sample; 
however the C(T) specimen was machined out of a significantly larger coupon, relieving 
most of the residual stress.  Pin compression was performed incrementally, using an 
Instron 5500 fully reversible testing machine with 250 kN capacity, until the pin 
compression displacements found suitable in the FEA results were achieved, 
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approximately 2.5 mm.  The displacements from the numerical analysis were used in the 
experimental specimens rather than front face notch displacement since the measurement 
specimens were un-notched prior to cutting.  The two specimens prior to cutting are 
shown in Figure 3.7. 
  
(a) (b) 
Figure 3.7 Un-notched compact tension coupons used for Cut Compliance measurements 
of residual stress: (a) Mechanically induced residual stress specimen and (b) Processing 
(quenched) residual stress specimen. 
 
The Cut Compliance method is a linear-elastic fracture mechanics (LEFM) method that 
correlates strain, which results from stress relaxation during the incremental extension of 
a cut, to the stress intensity factor due to residual stress, Kres, at each cut increment.  The 
technique has been established for the C(T) geometry [20] and the necessary weight 
functions to calculate residual stress, ζres, directly from the Kres profile have been 
determined [44].  Displacement or strain measurements necessary for Kres calculation can 
be taken at either the front or the back face of the C(T) specimen. The following 
relationship has been established between the measured displacement and Kres [20]. 
  da
d
aZ
E
K res

          (3.1) 
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where E is the elastic modulus, Z(a) is an influence function dependent on cut length, 
geometry, and location of measurement, δ is the displacement at a location determined by 
Z(a), and a is the cut length.  The influence function Z(a) for front face displacement has 
been derived in a previous study [36], and is presented in Equation (3.2). 
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In Equation (3.2), F2 is a function of specimen geometry [45], and af, b, d, and h are 
dimensions of the C(T) shown in Figure 3.1. Upon substituting Equation (3.2) into 
Equation (3.1), a final Equation for Kres was determined [36], and presented in Equation 
(3.3). 
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Ten increments of cut extension were performed for the processed and mechanical C(T) 
specimens measured using this technique.  Displacements at the front face were measured 
for each increment.  The resulting Kres values for the two specimens with high residual 
stresses are shown in Figure 3.8.  
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Figure 3.8 Calculated Kres distributions for the specimens with residual stress produced 
by processing and the mechanical compression of pins. 
 
Upon calculating the Kres distribution throughout the specimen, the residual stress 
distribution can then be determined.  The relationship between Kres and the ζres in the 
direction transverse to crack length is given by Equation (3.4) [20]. 
     
a
a
resres dxxaxhaK
0
,          (3.4) 
Equation (3.4) can be solved for ζres when Kres is known using that assumption that the 
residual stress magnitude within each incremental cut extension from aj-1 to aj is constant.  
Equation (3.4) can be discretized and rewritten as:  
     

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a
ijires
j
j
axhaK
1
1
,         (3.5) 
The weight function h(x,a) is a geometry dependent function, and in this work a prior 
formulation of the weight function for a C(T) specimen was used [44]. 
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Coefficients for the matrix Avu are listed in Table 3.1 and ai in this Equation is the current 
cut depth measurement from the load line (center of pin holes). 
 
Table 3.1 Avu coefficient matrix used in Equation (3.6) [44] 
             u 
   v 
0 1 2 3 4 
0 2.673 -8.604 20.621 -14.635 0.477 
1 -3.557 24.9726 -53.398 50.707 -11.837 
2 1.230 -8.411 16.957 -12.157 -0.940 
3 -0.157 0.954 -1.284 -0.393 1.655 
 
 
Using numerical integration, the residual stress magnitudes at each cutting increment can 
be calculated.   The residual stress distributions calculated using this technique agree with 
previous results produced with quenched cast aluminum specimens [14].  The residual 
stress distributions for both C(T) specimens with processing and mechanically induced 
residual stresses are presented in Figure 3.9.  
 
Figures 3.8 and 3.9 demonstrate good correspondence in both the measured Kres and ζres 
transverse to the cutting direction (crack propagation direction) between the processed 
and mechanical prepared specimens.  To achieve better agreement between the stresses in 
the two specimens, additional pin compression could have been performed to increase the 
magnitude of residual stress.   
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Figure 3.9 Calculated residual stress distributions for specimens with residual stress 
produced by processing and the mechanical compression of pins. 
 
3.3 Validation of Fatigue Crack Growth Behavior  
Fatigue crack growth testing was performed to provide a quantitative evaluation of the 
effect of the mechanically induced residual stress on the fatigue crack growth behavior of 
the 6061-T61 and other structural engineering alloys.  
 
The results of the FCG testing of the three alloys are presented in Figure 3.10.  
Specimens with residual stress induced by mechanical pin compression show higher 
crack growth thresholds, ΔKth, and higher failure stress intensity factors, ΔKFT, than the 
specimens with low residual stresses.  Although both the processed and mechanical pin 
compression specimens both exhibit higher threshold and failure stress intensities, 
differences in these values can be observed between the two techniques.  Differences in 
crack threshold and failure stress intensities show a direct correlation to the measured 
front face notch displacements prior to FCG testing, as shown in Table 2.6.  Greater 
differences in notch displacement result in greater differences in crack growth threshold.  
If desired, front face notch displacements of mechanical pin compression specimens 
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could be more carefully controlled to generate better correspondence between the fatigue 
crack growth characteristics of the two specimens.   
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(c) 
Figure 3.10 FCG data generated on specimen with low and high residual stress 
introduced through processing and the mechanical pin compression technique:  (a) A535 
alloy with 75μm grain size; (b) A535 alloy with 275μm grain size; (c) 6061-T61. 
 
Mechanically induced residual stress using the current method could change the elastic 
compliance of the C(T) specimen due to the change in specimen geometry.  If the 
measured compliance is still used to calculate crack length per ASTM-E647, errors in 
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crack length calculation and applied stress intensity could result.  The application of 
visual crack measurements to apply linear corrections to the calculated stress intensity 
factors can help minimize these errors and allow for the comparison of FCG data to 
traditional testing specimens.  A methodology outlining how to apply visual crack 
measurement correction to collected FCG data is outlined in the ASTM-E647 standard.  
 
Summary 
A new method was proposed to produce controlled residual stress magnitudes and 
distributions in C(T) specimens without affecting material microstructure.  This method 
accurately replicated the residual stress and stress intensity factor due to residual stress 
(Kres) generated from a cold water quench.  FEA was performed to optimize the desired 
stress distribution.   The measured residual stress distributions from the mechanical 
methodology agree with FEA simulations.  FCG results from specimens with high 
processing residual stress and high mechanical residual stress show similar crack growth 
behavior when the front face notch displacements are closely matched. 
 
Using the proposed technique, various processing residual stress profiles can be easily 
and conveniently reproduced in FCG testing specimens.  Introducing residual stresses 
without thermo-mechanical processing using this technique preserves the original 
microstructure of the material and provides a direct comparison to low residual stress 
specimens of the same microstructure. The proposed model is convenient for the 
validation of residual stress corrective models for residual stress with various magnitudes 
and distribution, fatigue crack growth simulations, and fatigue life predictions in the 
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presence of residual stress.  The knowledge of the states of residual stress and Kres will be 
applied to future investigations of the effects of residual stress on fatigue crack growth in 
Chapters 4, 5, and 6.   
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CHAPTER 4: 
EFFECTS OF PROCESSING RESIDUAL STRESSES ON FATIGUE 
CRACK GROWTH BEHAVIOR OF STRUCTURAL MATERIALS: 
EXPERIMENTAL APPROACHES AND MICROSTRUCTURAL 
MECHANISMS 
 
Chapter 3 established the residual stress and Kres profiles resulting from a quench.  It is 
with this knowledge that Chapter 4 investigates the effects of residual stress on the crack 
path behavior of a common structural aluminum alloy, 6061-T61.  The effects of residual 
stress are evaluated in terms of crack path roughness, branching, stress ratio, stress 
intensity shift due to closure, crack path deflection due to interaction with dispersoids, 
and transition from transgranular to intergranular growth.  Closure and residual stress 
corrections were done using the Adjusted Compliance Ratio technique and a crack 
compliance method respectively.  Crack path behavior is analyzed using a two parameter 
approach, and ΔKeff and Kmax+Kres is calculated at the transition from regions of high 
crack path deflection to regions of low crack path deflection, transition from 
transgranular to intergranular growth, and select growth rates.  The work supports the 
need for compensating for closure, residual stress, and stress ratio effects when 
microstructural analysis and FCG results are reported.   
 
4.1 Fatigue Crack Growth Testing Results and Analysis 
4.1.1 Constant Kmax Fatigue Crack Growth Testing Results 
Constant Kmax tests were performed in addition to traditional gradient Kmax tests to gain 
comparison between two specimens with similar applied load histories at each crack 
length. The only difference in crack growth behavior at any crack length would be due to 
residual stress and closure. A comparison of FCG behavior is shown in Figure 4.1 for the 
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low and high residual stress specimens.  A distinct symmetry can be seen in the high 
residual stress sample, beginning with similar growth rates 4.1(a), stress ratio 4.1(b), and 
change in effective stress intensity range due to closure, ΔKcl  4.1(c), to the low residual 
specimen.  All of these crack growth characteristics decrease or increase to reach a 
minimum or maximum approximately half way through the width of the entire specimen 
and gradually increase or decrease to regain good correspondence to the characteristics of 
the low residual stress specimen.  Correspondence is again achieved after the majority of 
the stress present in the specimen had been relieved.   
 
To calculate the real-time applied stress ratio, R, an online crack compliance method was 
used to calculate Kres, the stress intensity due to residual stress at the crack tip.   
After determining Kres, the superposition of the term to the applied stress intensity can be 
done, and substitution into Equation (1.4) yields the applied stress ratio including residual 
stress effects at any crack length.  The real-time stress ratio for the low and high residual 
stress specimens can be found in Figure 4.1(b).   
 
The stress intensity change due to closure, ΔKcl was calculated using the Adjusted 
Compliance Ratio technique (ACR) [11, 25].  The technique applies fracture mechanics 
concepts to calculate the effective stress intensity range experienced at the crack tip due 
to closure effects, ΔKeff.  In relation to the applied stress intensity range and ΔKeff, ΔKcl is 
defined in Equation (4.1).  
effcl KKK 
         (4.1) 
The Adjusted Compliance Ratio and ΔKeff are defined in Equation (1.2) 
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The ΔKcl as a function of crack length for the low and high residual stress specimens can 
be found in Figure 4.1(c).   
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(c) 
Figure 4.1 High and low residual stress specimens FCG comparison as a function of 
crack length. Kmax=10.98 MPa√m, R=0.1. (a) FCG rates; (b) Applied stress ratio; (c) 
Change in stress intensity range due to closure, ΔKcl. 
 
In addition to FCG measurements, optical microscopy techniques were used to quantify 
crack path roughness and branching normalized with respect to interval crack lengths.  In 
Figure 4.2, the growth rates of the low, 4.2(a), and high, 4.2(b), residual stress specimens 
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are compared to relative length roughness and relative crack branching measurements.  
Relative length roughness and relative crack branching were calculated at crack length 
intervals using Equations (4.2) and (4.3) respectively.  
lengthhorizontalTotal
lengthcrackTotal
Roughness        (4.2) 
lengthhorizontalTotal
lengthbranchcrackTotal
Branching        (4.3) 
A distinct increase in crack roughness and branching can be seen in correspondence with 
the drop in FCG rate in the high residual stress specimen.  The low residual stress 
specimen demonstrates very little change growth rate, roughness, or crack branching 
throughout crack growth.  In Figure 4.3 (a), a comparison of the roughness and crack 
branching for the low and high residual stress specimens is made.  It is observable that 
polynomial fits to both the roughness and the branching achieve local maximum values at 
similar locations during crack growth at a crack length of 15.2-16.5 mm (0.60-0.65 in.) 
and 27.9-33.0 mm (1.10-1.30 in.).  Optical images of the crack paths are shown in Figure 
4(b) at local maximums in crack path roughness at a crack length of 16.5 and 29.2 mm as 
well as a region of lower crack path roughness at 22.4 mm. 
 
Further inspection of Figure 4.1(b) and Figure 4.2(b) reveals that the regions of greatest 
crack path roughness also corresponds to the region of lowest applied stress ratio and 
region of greatest ΔKcl.  The region of greatest ΔKcl, Figure 4.1(c), also corresponds to 
the region of greatest crack branching, Figure 4.2(b).   
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From the results presented in Figure 4.1, it can be concluded that decreases in growth 
rates occur due to a drop in applied stress ratio and a resulting increase in closure as the 
result of the presence of compressive residual stresses from quenching.   
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(a) (b) 
Figure 4.2 Constant Kmax fatigue crack growth rates, relative crack length, and relative 
crack branching as a function of crack length.  (a) Low residual stress specimen.  (b) 
High residual stress specimen. 
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(a)  (b) 
Figure 4.3 Comparison of relative crack length and relative crack branching.  (a) 
Roughness and branching as a function of crack length.  (b) Optical image (100x) at 
representative crack lengths showing an increase in roughness and crack branching. 
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From the constant Kmax tests performed the following conclusions can be made: 
 Growth rates change at low applied stress ratio because of a drop in applied 
stress ratio and an increase in closure at the crack tip in the presence of 
compressive residual stress. 
 Regions of greatest surface roughness correspond to regions of lowest applied 
stress ratio and highest closure.   
 
4.1.2 Gradient Kmax Fatigue Crack Growth Testing Results 
A constant Kmax FCG test does not accurately portray the testing performed to gather a 
damage tolerant understanding of crack growth under changing loading conditions.  
Further FCG testing of 6061-T61 C(T) specimens was performed under a K-gradient at 
low, intermediate, and high positive stress ratios, R=0.1, R=0.5, and R=0.7 respectively.  
The testing was performed on both low and high residual stress cases.  The results of the 
FCG testing are shown in Figure 4.4 (a)-(c).   
 
In all the case of R=0.1 and 0.7 tests, high residual stress specimens experienced higher 
fatigue crack thresholds, higher Paris law slopes (m), lower Paris law intercepts (C), and 
larger front face notch displacements.  At the intermediate stress ratio, R=0.5, crack 
threshold and the notch displacement were larger, however the Paris Slope and Intercept, 
m and C respectively, did not exhibit this trend, and experienced small changes in the 
opposite manner.  Unlike the low stress ratio and high stress ratio testing, which 
experience a large portion of growth in the presence and absence of closure respectively, 
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the intermediate stress ratio represents growth in the presence of partial closure due to 
residual stress.  These parameters are listed in Table 4.1.   
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(c) 
Figure 4.4 Comparison of fatigue crack growth rates of 6061-T61 specimens of low and 
high residual stress tested at: (a) R=0.1 (b) R=0.5 (c) R=0.7. 
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Table 4.1 Fatigue crack threshold, Paris Regime Slope, and Paris Regime Intercepts, and 
notch displacements for all alloys and stress conditions tested 
Stress 
Ratio 
Stress 
Condition 
ΔKth 
(MPa√m) 
Paris Slope 
(m) 
Paris Intercept  
(C) 
Front Face  
Notch Displacement 
(mm) 
R=0.1 Low 3.713 4.475 1.139E-9 -0.015 
High 4.875 5.403 8.383E-11 -0.088 
R=0.5 Low 3.147 7.330 2.499E-11 -0.054 
High 4.439 6.553 3.264E-11 -0.121 
R=0.7 Low 1.907 5.091 4.614E-9 -0.024 
High 3.252 8.066 1.342E-12 -0.158 
 
Optical microscopy was performed on all six crack paths, and micrographs of threshold, 
lower Region II (da/dN=10
-5
 mm/cycle), middle Region II (da/dN=10
-4
 mm/cycle), and 
upper Region II (da/dN=10
-3
 mm/cycle) were taken, shown in Figure 4.5.  Crack paths at 
low growth rates are defined by micro-deflections which have a “jig-saw” pattern.  Crack 
growth occurring along parallel planes likely corresponds to propagation along <111> 
planes in the FCC matrix.  In previous work, these micro-deflections have been linked to 
the presence of Al(FeCr)Si dispersoids present in the microstructure of Al-Si-Mg alloys.  
[40,41]  The “jig-saw” patterns decrease in prevalence with increasing Kmax and ΔK.  The 
crack paths at higher growth rates are distinguished by the transition to surfaces of higher 
micro-roughness due to increased plasticity and the transition to intergranular crack 
growth.   
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(a) (b) (c) (d) 
    
(e) (f) (g) (h) 
    
(i) (j) (k) (l) 
    
(m) (n) (o) (p) 
    
(q) (r) (s) (t) 
    
(u) (v) (w) (x) 
Figure 4.5 Optical micrographs of crack paths from 6061-T61 specimens of low and high 
residual stress tested at R=0.1, 0.5, and 0.7.  Micrographs display threshold, low Region II, 
middle Region II, and high Region II behavior for: LRS R=0.1 Crack growth progresses from 
left to right. (a)-(d), LRS R=0.5 (e)-(h), LRS R=0.7 (i)-(l), HRS R=0.1 (m)-(p), HRS R=0.5 
(q)-(t), and HRS R=0.7 (u)-(x).(LRS=low residual stress, HRS=high residual stress) 
63 
 
Crack path roughness and branching measurements were also taken for the K-gradient 
testing, and the results are presented in Figures 4.6(a), (c), and (e) for R=0.1, R=0.5, and 
R=0.7 respectively.  A comparison of Figures 4.6 (a) and (b), (c) and (d), and (e) and (f) 
show a local maximum in measured crack path roughness that corresponds to minimum 
in applied stress ratio.  An increase in crack path roughness is also observable near the 
end of the test at regions of Kmax>35 MPa√m.  Roughness observed in regions of high 
Kmax is likely due to plasticity and the transition to static failure and tearing.  The 
roughness at low Kmax and overall roughness of the crack path was found to be higher in 
the high residual stress specimens. Similar to the constant Kmax testing, the highest 
measured values of crack branching occurred at regions of lowest Kmax when the applied 
stress ratio is the lowest and levels of closure are the highest, however it was found that a 
greater length of crack branching occurred in the low residual stress specimens at all 
three stress ratios.  The average roughness and crack branching of the entire crack path 
for all six testing conditions is presented in Table 4.2.   
 
Table 4.2 Average relative length and relative crack branching of entire crack path for 
low and high residual stress specimens tested at R=0.1, 0.5, and 0.7 
Stress Ratio Stress Condition Relative Length 
Roughness 
Relative Crack 
Branching 
R=0.1 Low 1.150 0.121 
High 1.221 0.113 
R=0.5 Low 1.139 0.113 
High 1.164 0.036 
R=0.7 Low 1.217 0.147 
High 1.278 0.103 
 
Similar to the constant Kmax tests, an online crack compliance method was used to 
calculate Kres and determine the real-time applied stress ratio.  For all three nominal stress 
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ratios, the presence of compressive residual stresses due to quenching generates a 
decrease in applied stress ratio under small Kmax values.  As the test continues the 
combination of larger Kmax and decreasing Kres results in the near equivalence to the 
nominal stress ratio and applied stress ratio with considerations of residual stress.  
Deviations from the nominal stress ratio at high Kmax occur due to the effects of 
plasticity.  Results of real-time applied stress ratio calculations are shown in Figure 
4.6(b), (d), and (f) for R=0.1, 0.5, and 0.7 respectively.   
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Figure 4.6 Crack path roughness, branching, and applied stress ratios for 6061-T61 tested 
at R=0.1, R=0.5, and R=0.7.   (a) R=0.1 roughness and branching.  (b) R=0.1 applied 
stress ratio.  (c) R=0.5 roughness and branching.  (d) R=0.5 applied stress ratio. (e) R=0.7 
roughness and branching.  (f) R=0.7 applied stress ratio. 
 
From the gradient Kmax tests performed the following conclusions can be made: 
 Significant changes in applied stress ratio occur at low Kmax due to residual 
stress.  
 Decreases in applied stress ratio, a result of residual stress, correspond with 
regions of increased crack path roughness.   
 Crack branching was observed to be present at low Kmax values in both low 
residual stress and high residual stress specimens.  It was found to be more 
prevalent in low residual stress conditions.   
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4.2 SEM Fractographic Analyses of Fracture Surfaces 
Electron microscopy techniques were applied to the fracture surfaces to gain a 
stereoscopic perspective of crack path behavior.  SEM analysis was performed on the six 
K-gradient specimens of low and high residual stress conditions at R=0.1, R=0.5, and 
R=0.7. 
 
SEM fractographic analysis of the near threshold behavior of the 6061-T61 alloy at 
R=0.1, R=0.5, and R=0.7 in both the low and high residual stress condition revealed 
faceted crack growth typical of metallic materials.  SEM fractographs are shown for the 
six testing conditions in Figure 4.7 (a)-(f).  Measurement of facet features reveals no 
correspondence to measured average growth rates which range from 0.1-1 nm/cycle.  
Short range order is observed on the scale of 50-100 µm in at all three stress ratios in the 
low residual stress and high residual stress condition.  Calculation of the plastic zone 
shows correspondence between the plastic zone radius, rp, and the repetition of facet 
features.  In the R=0.1 specimens, repetition of features every 5-10 μm creates the 
appearance of rougher crack path surfaces.  In the R=0.5 and R=0.7 specimens, the crack 
path surfaces appear to be smoother and repetition of features occurs in larger increments 
of 10-20 μm.  To calculate the plastic zone radius a combination of plane strain and plane 
stress states, dependent on the degree of plane stress n, was applied.  The techniques was 
been previously introduced by Lados and Apelian [46]. 
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In the presence of residual stress using Kmax in the calculation of the plastic zone radius 
would not be an accurate approach.  To determine the maximum crack tip stress intensity, 
the superposition of the calculated Kres is necessary.  The combination of Kmax and Kres in 
Equations (4.7) and (4.8) yield: 
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(4.10) 
The radius of the plastic zone, ΔKeff, and Kmax+Kres was calculated for the six testing 
conditions at threshold and the results are presented in Table 4.3.  
 
Table 4.3 ΔKeff, Kmax+Kres, and plastic zone radius calculations for low and high residual 
stress specimens tested at R=0.1, 0.5, and 0.7 at threshold 
Stress  
Ratio 
Stress 
Condition 
ΔKeff 
(MPa√m) 
Kmax+Kres 
(MPa√m) 
Plastic Zone Radius  
(µm) 
R=0.1 Low 1.93 2.99 5.59 
High 2.17 3.57 7.98 
R=0.5 Low 1.75 5.05 16.0 
High 2.69 5.52 19.2 
R=0.7 Low 1.67 4.82 14.6 
High 2.35 5.49 19.0 
 
The ΔKeff and Kmax+Kres results from Table 4 were plotted in a ΔKeff - Kmax+Kres phase 
space in Figure 4.8.  A clear interdependency between crack growth threshold and ΔKeff 
and Kmax+Kres cannot be observed, either due to the sensitivity of Kres measurements in 
the near-threshold regime, or a lack of dependence between the two parameters and crack 
threshold.  
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(a) (b) (c) 
   
(d) (e) (f) 
Figure 4.7 SEM fractographs of crack threshold behavior of 6061-T61 in low and high 
residual stress conditions for low, intermediate, and high applied stress ratios.  (a) Low 
residual stress, R=0.1. (b) Low residual stress, R=0.5. (c) Low residual stress, R=0.7. (d) 
High residual stress, R=0.1. (e) High residual stress, R=0.5. (f) High residual stress, 
R=0.7. 
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Figure 4.8 ΔKeff – Kmax+Kres phase space showing ΔKeff and Kmax+Kres at crack threshold 
in 6061-T61. 
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SEM fractographic analysis of steady state crack growth in regions of average growth 
rates of 1 µm/cycle for the 6061-T61 alloy at R=0.1, R=0.5, and R=0.7 in both the low 
and high residual stress condition revealed fatigue striations typical of ductile failure.  
SEM fractographs showing representative Region II behavior are shown for the six 
testing conditions in Figures 4.9(a)-(f).  Striation spacing was measured over a span of 
50-100 striations at a crack length corresponding to an average growth rate of 1 
µm/cycle, measurement results are shown in Table 4.4.  SEM fractographs showing 
fatigue striations at higher magnification are shown in Figure 4.10.   It is observable that 
correlation between the average crack growth rate and striation spacing decreases with 
increased stress ratio.  At any crack length the average measured growth rate is a 
combination of dynamic and static failures.  At higher stress ratios and the scenario 
where a larger Kmax is required to produce an equivalent ΔK, higher levels of plasticity 
will lead to greater levels of static failure and tearing and lower contributions of dynamic 
failure.  
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(a) (b) (c) 
   
(d) (e) (f) 
Figure 4.9 SEM fractographs of steady state crack growth behavior of 6061-T61 in low 
and high residual stress conditions for low, intermediate, and high applied stress ratios.  
(a) Low residual stress, R=0.1. (b) Low residual stress, R=0.5. (c) Low residual stress, 
R=0.7. (d) High residual stress, R=0.1. (e) High residual stress, R=0.5. (f) High residual 
stress, R=0.7. 
 
Table 4.4 Fatigue striation measurements taken at an average growth rate of 1 µm/cycle 
for low and high residual stress specimens tested at R=0.1, 0.5, and 0.7 
Stress Ratio Stress Condition Striation Spacing (µm) 
R=0.1 Low 0.79 
High 0.75 
R=0.5 Low 0.67 
High 0.69 
R=0.7 Low 0.55 
High 0.40 
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(a) (b) (c) 
   
(d) (e) (f) 
Figure 4.10 SEM fractographs of steady state crack growth behavior of 6061-T61 in low 
and high residual stress conditions for low, intermediate, and high applied stress ratios at 
high magnification to show fatigue striations.  (a) Low residual stress, R=0.1. (b) Low 
residual stress, R=0.5. (c) Low residual stress, R=0.7. (d) High residual stress, R=0.1. (e) 
High residual stress, R=0.5. (f) High residual stress, R=0.7. 
 
SEM fractographic analysis of unstable crack growth (Region III behavior) for the 6061-
T61 alloy both the low and high residual stress condition at R=0.1, R=0.5, and R=0.7 in 
revealed evidence of mixed dynamic/static failure and tearing, which is typical of ductile 
fracture under high applied stress intensities.  SEM fractographs are shown for the six 
testing conditions in Figures 4.11(a)-(f).  Analysis of the concave surface features of this 
region, or dimples, reveals dimple sizes ranging from 5-150 μm, the maximum size 
correlating with the grain size in the direction normal to the rolling direction of the 
original 6061-T61 plate.  The direction is normal to the SEM fractographs presented in 
Figures 4.7 and 4.9-4.11. 
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(a) (b) (c) 
   
(d) (e) (f) 
Figure 4.11 SEM fractographs of unstable crack growth behavior (Region III) of 6061-
T61 in low and high residual stress conditions for low, intermediate, and high applied 
stress ratios.  (a) Low residual stress, R=0.1. (b) Low residual stress, R=0.5. (c) Low 
residual stress, R=0.7. (d) High residual stress, R=0.1. (e) High residual stress, R=0.5. (f) 
High residual stress, R=0.7. 
 
Examination of SEM mapping the fracture surfaces created at R=0.1, presented in Figure 
4.12, show similar crack path behavior between low and high residual stress specimens at 
four chosen growth rates corresponding to crack growth threshold, low Region II, mid-
Region II, and Upper Region II growth.  The region bound by the first two lines in 
Figures 4.12-4.14(a) and (b) corresponds to the pre-crack performed to escape the heat 
effected zone of the EDM notching process and should not be considered in analysis.   
Fractographs reveal regions of high crack deflection at low growth rates, leading to 
regions of lower crack deflection and higher plasticity induced roughness at mid-Region 
II growth rates and higher.  In both specimens a transition from high to low crack 
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deflection is observed at an average growth rate of approximately 0.4 µm/cycle.  This 
growth rate corresponds to a crack length of 24 mm and 21 mm for the low and high 
residual stress specimens respectively.     
 
Fractographs at R=0.5 in Figure 4.13 show similar characteristics as R=0.1.  Fractographs 
reveal regions of high crack deflection at low growth rates, leading to regions of lower 
crack deflection and higher plasticity induced roughness at mid-Region II growth rates 
and higher.   In both specimens a transition from high to low crack deflection is observed 
at an average growth rate of approximately 0.3 µm/cycle.  This growth rate corresponds 
to a crack length of 24 mm and 21 mm for the low and high residual stress specimens 
respectively.  This transition is observable in both Figure 4.13(a) and (b).   
 
Fractographs at R=0.7 in Figure 4.13 show similar characteristics as R=0.1 and R=0.5.  
Fractographs reveal regions of high crack deflection at low growth rates, leading to 
regions of lower crack deflection and higher plasticity induced roughness at mid-Region 
II growth rates and higher.   In both specimens a transition from high to low crack 
deflection is observed at an average growth rate of approximately 0.2 µm /cycle.  This 
growth rate corresponds to a crack length of 24 mm and 23 mm for the low and high 
residual stress specimens respectively.  The R=0.7 fracture surfaces show a transition to 
rougher surfaces at lower crack lengths due to larger Kmax+Kres values than the R=0.1 or 
R=0.5 tests. This transition is observable in both Figure 4.14(a) and (b).   
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(c) 
Figure 4.12 SEM fractographs of R=0.1 FCG specimens 
showing typical FCG behavior at select growth rates. 
Actual size 0.91 mm X 14.8 mm. (a) low residual stress 
fractograph. (b) high residual stress fractograph, (c) 
FCG rate data. 
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(c) 
Figure 4.13 SEM fractographs of R=0.5 FCG specimens 
showing typical FCG behavior at select growth rates. 
Actual size 0.91 mm X 14.8 mm. (a) low residual stress 
fractograph. (b) high residual stress fractograph, (c) 
FCG rate data. 
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(c) 
Figure 4.14 SEM fractographs of R=0.7 FCG specimens 
showing typical FCG behavior at select growth rates. 
Actual size 0.91 mm X 14.8 mm. (a) low residual stress 
fractograph. (b) high residual stress fractograph, (c) 
FCG rate data. 
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Analysis of the crack growth behavior in Figures 4.12-4.14 show a transition from 
regions containing large amounts of crack deflection to regions of lower amounts of 
crack deflection.  A unique combination of ΔKeff and Kmax+Kres is required in order to 
make the transition between these two regions.  The calculated ΔKeff and Kmax+Kres at the 
transition regions are presented in Table 4.5.   
 
Table 4.5 Kmax+Kres and plastic zone radius calculations for low and high residual stress 
specimens tested at R=0.1, 0.5, and 0.7 at transition from regions of high to low crack 
deflection 
Stress 
Ratio 
Stress 
Condition 
ΔKeff 
(MPa√m) 
Kmax+Kres 
(MPa√m) 
Plastic Zone Radius 
(µm) 
R=0.1 Low 13.6 14.0 157 
High 12.1 14.1 160 
R=0.5 Low 10.8 21.9 422 
High 10.3 19.9 339 
R=0.7 Low 9.02 27.0 695 
High 8.96 26.2 646 
 
In Al-Si-Mg alloys, alloyed with Mn or Cr such as the 6061 in the present study, crack 
deflection has been closely associated with interaction with sub-micron Al(FeCr)Si 
dispersoids finely distributed in the microstructure [40,41].  It has been commonly 
recognized that the Mg-Si precipitates which result from aging are often looped or 
bypassed in the artificially aged condition [38].  Thus, it can be postulated that regions of 
high crack deflection are evidence of high crack path interaction with these dispersoids.  
The unique combination of Kmax+Kres, and ΔKeff corresponds to the necessary extent of 
damage at the crack tip due to plasticity and the necessary input strain energy to “drive” 
the crack forward respectively.  The resulting crack path behavior under these conditions 
would not be heavily influenced by the presence of these reinforcing dispersoids.  
Plotting of the values in a ΔKeff – Kmax+Kres phase space reveals a trend that would 
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predict crack path deflection due to these dispersoids at other stress ratios, each having an 
unique Kmax+Kres, and ΔKeff combination to produce similar crack path characteristics.  
The progression of all specimens through the ΔKeff – Kmax+Kres phase space is presented 
in Figure 4.15.  Under the ideal testing condition, external effects such as closure and 
residual stress would not be present, and FCG results would correspond to characteristic 
material behavior.  Progression through the phase space would be linear, the slope 
corresponding to the applied stress ratio, in the case of short crack growth.  Deviation 
from linearity is due to residual stress and closure effects, and must be considered in 
order to accurately predict behavior at the crack tip.  The effective crack tip stress ratio 
during long crack growth is presented in Equation 4.11. 
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Figure 4.15 ΔKeff – Kmax+Kres phase space showing the progression of 6061-T61 
specimens of low and high residual stress at R=0.1, R=0.5, and R=0.7 during FCG. 
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The two parameter methodology was extended to include the transition from 
transgranular to intergranular crack growth.  The fracture surfaces were etched using a 
macro-etchant, Barker’s etchant, to reveal grain boundaries and grain orientation/contrast.  
Crack length measurements were taken at the advent of intergranular growth and the 
point at which all proceeding crack growth was intergranular.  Optical micrographs for 
these two conditions are shown for the six testing specimens in Figure 4.16.  The 
Kmax+Kres, and ΔKeff  values for the measured crack lengths in Figure 4.16 were plotted in 
conjunction with the Kmax+Kres, and ΔKeff values found to yield regions of lower crack 
deflection. The results are plotted in Figure 4.17(a) along with growth rates starting at 10
-
7
 mm/cycle (threshold) and progressing up to 10
-3
 mm/cycle in Figure 4.17(b).   
 
Figure 4.17 shows several important characteristics of the 6061-T61 alloy.  Five distinct 
regions of growth characteristics are defined; (1) transgranular growth with high crack 
deflection (yellow), (2) transgranular growth with low crack deflection (green), (3) 
mixed-mode growth (transgranular and intergranular growth) with high crack deflection 
(blue), (4) mixed-mode growth with low crack deflection (purple), and (5) intergranular 
growth with low crack deflection (red).  It is also noticeable that the advent of and point 
of complete intergranular growth do not have a dependence on ΔKeff, but rather solely 
dependent on Kmax+Kres, which was determined to be 20-25 MPa√m and 31-36 MPa√m 
for the advent of intergranular growth and complete intergranular growth respectively.  
The radius of the plastic zone at the advent of intergranular growth was calculated to be 
270-440 µm, showing correlation with the grain size of the 6061-T61 alloy normal to the 
crack plane.  Figure 4.17(b) plots the measured growth rates as a function of ΔKeff and 
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Kmax+Kres.  Power function fits were applied at each growth rate and a clear 
interdependence of ΔKeff and Kmax+Kres to produce a desired growth rate is observed.  The 
combination of Figure 4.17(a) and Figure 4.17(b) serves as a tool to predict the crack 
path characteristics and crack growth rates at any ΔKeff and Kmax+Kres.  The tool can be 
equally applied to physically short cracks and to long cracks with quantitative 
understanding of the effects of closure and residual stress. 
  
(a) (b) 
  
(c) (d) 
  
(e) (f) 
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(g) (h) 
  
(i) (j) 
  
(k) (l) 
Figure 4.16 Optical micrographs showing the advent of intergranular growth and 
complete intergranular growth in 6061-T61 tested at R=0.1, 0.5, and 0.7 in the low and 
high residual stress condition.  Crack growth progresses from left to right (a) advent of 
intergranular growth, LRS R=0.1, (b) complete intergranular growth, LRS R=0.1, (c) 
advent of intergranular growth, HRS R=0.1, (d) complete intergranular growth, HRS 
R=0.1, (e) advent of intergranular growth, LRS R=0.5, (f) complete intergranular growth, 
LRS R=0.5, (g) advent of intergranular growth, HRS R=0.5, (h) complete intergranular 
growth, HRS R=0.5, (i) advent of intergranular growth, LRS R=0.7, (j) complete 
intergranular growth, LRS R=0.7, (k) advent of intergranular growth, HRS R=0.7, (l) 
complete intergranular growth, HRS R=0.7.  
(LRS=low residual stress, HRS=high residual stress) 
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(a) (b) 
Figure 4.17 ΔKeff – Kmax+Kres phase space showing, (a) interdependence of ΔKeff and 
Kmax+Kres to produce regions of decreased crack path deflection due to interaction with 
Cr-dispersoids, the advent of intergranular crack growth, and complete intergranular 
crack growth in 6061-T61, and (b) interdependence of ΔKeff and Kmax+Kres to produce 
select growth rates 
 
 
Summary 
Through the application of fracture mechanics principles, the effect of compressive 
residual stresses in terms of applied stress ratio, crack closure, and crack growth rates can 
be correlated in FCG tests conducted under constant Kmax and therefore having similar 
applied load histories.  The presence of compressive residual stress and increased crack 
closure in both constant and gradient Kmax tests yielded rougher surfaces than in low 
residual stress specimens. Additional roughness induced closure due to residual stress 
cannot be predicted using mechanics modeling, and adequate correction should be based 
closure or microstructural considerations. 
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With increasing compressive residual stress, crack threshold ΔKth, Paris slope m, and 
Paris intercept C change.  In general crack thresholds increase, Paris slopes increase, and 
Paris intercepts decrease.  These parameters are vital inputs into FCG modeling and life 
predictions, and residual stress present in the test coupon should be considered when 
calculating them from collected FCG data.  
 
SEM fractographic analysis of the fracture surfaces reveals Region I, Region II, and 
Region III crack growth behavior typical of ductile fracture in metallic materials.  Facets 
produced in Region I growth are present at all stress ratios in both the low and high 
residual stress condition.  Facet surfaces appear smoother at higher stress ratios, and facet 
dimensions and features show correlation to the radius of the plastic zone at threshold.  
Striations observed in Region II growth show decreasing correlation to average growth 
rates with increasing stress ratio.  This drop can be correlated to an increase in static 
failure and tearing during crack growth at high stress ratio.  Dimples produced in Region 
III growth have a maximum size correlating to the grain size in the plane normal to the 
rolling direction of the original plate.   
 
Analysis of SEM mapped surfaces and macro-etched fracture paths reveal similar crack 
path behavior between low and high residual stress specimen which corresponds to a 
unique ΔKeff and Kmax+Kres at each applied stress ratio.  It is postulated that the decrease 
in apparent crack path deflection is associated with a unique ΔKeff and Kmax+Kres at each 
stress ratio, correlating to a required input strain energy and damage ahead of the crack 
tip to produce this crack path characteristic.  The transition from transgranular to 
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intergranular crack growth does not show dependence on ΔKeff but rather Kmax+Kres, 
corresponding to the static damage and radius of the plastic zone ahead of the crack tip.  
Crack growth rates were plotted as a function of ΔKeff and Kmax+Kres, and a clear 
interdependence between the two parameters is observed.  
 
The techniques presented in this work are meant to aid in the characterization of material 
response to dynamic loading in the absence and presence of residual stress.   
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CHAPTER 5: 
EFFECTS OF PROCESSING RESIDUAL STRESSES ON FATIGUE 
CRACK GROWTH BEHAVIOR OF STRUCTURAL MATERIALS:  
MATHEMATICAL AND ANALYTICAL CORRECTIONS 
 
In Chapters 3 and 4, it was introduced that compressive residual stresses effect fatigue 
crack growth test results, leading to an overestimation of material performance.   
Chapter 5 proposes an analytical corrective approach that effectively compensates for the 
effects of residual stress under a variety of testing conditions.  The corrective 
methodology was validated on cast and wrought aluminum, titanium, and steel alloys 
each with low and high residual stress conditions, and one alloy tested at low, 
intermediate, and high applied stress ratios.  The method provides a ΔK correction at 
each FCG measurement and corrects for the effects of plasticity.  The methodology is 
proposed as a general technique to produce residual stress free FCG data for the use in 
design, modeling, and fatigue life calculations.   
 
5.1 Analytical Residual Stress Correction Methodology 
The proposed residual stress corrective methodology is an extension of the Restoring 
Force Model (RFM), developed by Lados and Apelian [36], which utilizes the front face 
notch displacement of a C(T) specimen to calculate a Kresidual correction to FCG data.  
The RFM successfully corrects ΔK values in the near threshold regime, but does not offer 
a methodology to calculate ΔK corrections at all stages of crack growth or compensate 
for large degrees of crack tip plasticity under high Kmax.  The new methodology was 
developed based on the concepts used in the RFM, while considering changes in crack 
length, residual stress, applied stress ratio, and plasticity effects.  
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Prior to FCG testing, the front face reference scribe mark distances were measured before 
and after EDM of the notch.  The difference between the distance between the reference 
scribe marks prior to EDM, d0, and after EDM, dnotch yields the front face notch 
displacement, und, Equation (5.1).  Compressive residual stresses typically yield a 
negative notch displacement (clamping), while tensile residual stresses typically yield a 
positive notch displacement (opening), also shown in Figure 5.1.   
0ddu notchnd           (5.1) 
 
 
Figure 5.1 Illustration of C(T) specimen after EDM showing the change in notch distance 
from d0 to dnotch in the presence of residual stress. Displacement due to compressive 
residual stresses is shown with vertical marks, and displacement due to tensile residual 
stresses is shown with diagonal marks. 
 
During FCG testing, the total displacement from the notched position, up, due to an 
applied load, P, can be determined using Equation (5.2).   
notchpp ddu           (5.2) 
where dp is the instantaneous distance between the reference scribe marks under an 
applied load, P. 
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(a) (b) 
Figure 5.2 Illustration of C(T) specimen with an applied load during FCG testing.  Under 
an applied load, P, the notch faces reach a maximum separation distance dp.  Relation of 
dp to the original notch distance, d0, is shown for: (a) compressive residual stresses and 
(b) tensile residual stresses. 
 
Combining Equations (5.1) and (5.2) yields the notch displacement from the original un-
notched position, d0, due to an applied load, P.  
ndppdisp uuddu  0         (5.3) 
At any crack length, a, a single load-displacement point (P, udisp) is used to calculate the 
stress intensity factor due to the applied load, Kapp, and the value Kdisp corresponding to 
the displacement above the un-notched position, udisp.  This measurement must be 
performed while the crack is open, close to Kmax, to avoid closure effects.  Deviation 
from equality between the two calculated stress intensities, Kapp and Kdisp, is due to the 
presence of residual stress in the specimen, and their difference represents the shift in ΔK 
due to residual stress.  Substituting the polynomial and iterative functions for Kapp and 
Kdisp provided in the ASTM E647 standard for the C(T) specimen,  Equation (5.4) is 
obtained. 
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Where W and B are the width and thickness of the C(T) specimen, a is the instantaneous 
crack length, P is the applied, E is the modulus of elasticity, Equation (5.6) is the iterative 
solution for the compliance in Equation (5.5) to determine crack length under an applied 
load, and Equation (5.7) is used to determine stress intensity with known crack length,  
load, and geometry.  
 
Application of the concepts presented thus far would yield the same Kresidual result as the 
Restoring Force Model under the condition of zero load (P=0) in a specimen with no 
crack growth (a/W≈0.25).  The new methodology will be applied at intervals throughout 
the entire FCG test and to determine a ΔK correction corresponding to each FCG 
measurement.   
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In the calculations thus far, linear elastic behavior has been assumed.  However, as Kmax 
increases, plasticity will become a more dominant factor in the measured displacement on 
the front face of the specimen.  Plasticity corrections can be applied as previously 
introduced by Irwin and others [47, 48].  In this study, following Irwin’s model, the 
measured front face displacement was adjusted to incorporate plasticity by using an 
effective crack length, aeff, which represent an extension of the measured crack length, a, 
by the radius of the plastic zone ahead of the crack tip, rp.   Plastic zone radius was using 
a weighted combination of plane strain and plane stress states, Equation (5.9), introduced 
by Lados and Apelian [46].  
plasticeff raa           (5.8)
 
2
2
max
1
6
1
2
1
Y
nn
plastic
K
r















       
(5.9)
 
B
K
n
Y
1
2
1
3
4
2
2
max
















        
(5.10)
 
where n is the degree of plane stress. 
 
After evaluating the radius of the plastic zone ahead of the crack tip, the calculation of 
the plastic contribution to the measured Kdisp is performed using Equations (5.11) and 
(5.12).   
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The resulting equation for Kresidual after applying plasticity corrections to Equation (5.4) 
becomes: 
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(5.13) 
 
As was found during the development of the Restoring Force Model, a direct 
correspondence between the calculated Kresidual and the necessary FCG correction factor, 
ΔKcorrection, could not be made.  Restoring the front face of the C(T) specimen to its un-
notched position does not restore stress equilibrium at the crack tip.  Therefore an 
empirical factor of ½ was applied to the restoring stress intensity to achieve good FCG 
residual stress correction in the near-threshold regime.  Similarly in the newly proposed 
model, an empirical function based on the C(T) geometry, the applied stress ratio, and the 
material tested was developed and incorporated in the correction.  The development of 
the empirical function emerged from two fundamental concepts. First, with increasing 
stress ratio the effect of residual stress on a ΔKcorrection will decrease.  Second, as crack 
length increases there will be a higher correspondence between the Kresidual calculated in 
Equation (5.13) and the necessary ΔKcorrection.  As the crack length increases, a higher 
correspondence  between front face measurements and the state of stress at the crack tip 
will be observed to a diminishing contribution of far-field residual stresses.  
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The empirical function presented possesses these aspects and is applicable for all positive 
stress ratios and for normalized crack lengths  (a/W) from 0.25 to 1.  
    10125.01 







 Rand
W
a
forR
W
a
Egf
j
Ri
   (5.14) 
     



















































W
a
m
WB
P
W
a
mW
W
a
mE
uuR
W
a
EgKfK
eff
ndP
j
Ri
residualcorrection 2
1
2
1
  
(5.15) 
The function g(E*) is a term added to help conform the FCG data collected in materials 
other than aluminum.  For the alloys tested, the g(E*) function is respective material’s 
elastic modulus (E) normalized by the modulus of aluminum, yielding 1, 1.69, and 2.93 
for aluminum, titanium, and steel respectively.  The constants i and j are empirical factors 
determined to conform FCG data collected in low and high residual stress, while 
maintaining the two fundamental concepts outlined above.   
 
5.2 Validation on Various Structural Materials 
5.2.1 Aluminum Low Stress Ratio FCG Results 
Corrections were calculated at ten crack lengths during testing and a polynomial fit was 
applied to the resulting ΔKcorrection values, with R
2>0.999 for all specimens.  The crack 
length increment for residual stress correction calculation can be modified depending on 
the severity of residual stress.  The results of the FCG testing and corrections of high 
residual stress data for R=0.1 are shown in Figure 5.3.  
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(c) 
Figure 5.3 FCG curves plotting crack growth rate (da/dN) as a function of applied stress 
intensity rage, ΔKapp, under R=0.1: (a) LRS and HRS corrected FCG data for A535 75μm 
grain size; (b) LRS and HRS corrected FCG data for A535 275μm grain size; (c) LRS 
and corrected HRS FCG data for 6061-T61.  
(LRS=low residual stress, HRS=high residual stress)  
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It was found that the calculated ΔKcorrection decreased linearly (became more negative) 
throughout the majority of fatigue crack growth, and only deviated from this trend at high 
crack lengths and Kmax.   Values of i=1.3, j=1.4 were used for all alloys, and g(E
*)=1 was 
initially substituted into Equation (5.15) for all alloys.  These values were found to 
generate good correspondence between low and corrected high residual stress FCG data 
in the three aluminum alloys, Figures 5.3(a), (b), and (c).  Deviation between the low 
residual stress and corrected high residual stress data occurred for the 6061-T61 alloy 
under high Kmax conditions.  Due to good correspondence for the A535 alloys and greater 
importance of accurate crack thresholds opposed to failure stress intensities in fatigue 
sensitive applications; this observed deviation in the 6061-T61 alloy was not corrected.  
 
5.2.2 Intermediate and High Stress Ratio Results 
6061-T61 specimens of intermediate (R=0.5) and high (R=0.7) stress ratios were tested 
and used in the development of the empirical function, f, in Equation (5.15).  During 
processing of low residual stress specimens, it was found that the samples exhibited a 
front face notch displacement large enough to justify the application of residual stress 
corrective techniques, although the correction was relatively small.  The same values for 
i, j, and g(E
*
) were applied as in the R=0.1 testing.  The resulting un-corrected and 
corrected FCG data are presented in Figure 5.4.  Good agreement between the corrected 
low and corrected high residual stress conditions can be seen at all crack growth stages, 
including upper Region III.   
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(c) (d) 
Figure 5.4 FCG curves plotting crack growth rate (da/dN) as a function of applied stress 
intensity range, ΔKapp, under intermediate and high stress ratios: (a) LRS and HRS 6061-
T61 at R=0.5; (b) Corrected LRS and HRS 6061-T61 at R=0.5; (c) LRS and HRS 6061-
T61 at R=0.7; (d) Corrected LRS and HRS 6061-T61 at R=0.7. 
(LRS=low residual stress, HRS=high residual stress) 
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5.2.3 Residual Stress Corrections in Alloys of Various Elastic Moduli 
The corrective methodology developed thus far has shown good agreement between low 
and corrected high residual stress specimens in cast and wrought aluminum alloys A535 
and 6061-T61 at multiple stress ratios.  The developed corrective model does not 
adequately correct the FCG data for the Ti-6Al-4V and 1018 steel alloys using the same 
g(E
*
) values as used for the aluminum alloys.  The “aluminum” corrections applied to 
Region I and Region II of crack growth in titanium and steel lead to an over-estimation of 
the FCG response.  Analysis of the FCG data and the effect of the modulus of elasticity 
lead to the determination that the term g(E
*
) being equal to the  modulus of elasticity of 
the tested material normalization by the modulus of elasticity of aluminum provided the 
correct correction for “non-aluminum” alloys.  The normalized modulus values for the 
titanium and steel alloys were 1.69 and 2.93 respectively.   The result of changing this 
term in the FCG correction of the high residual stress data is presented in Figure 5.5 for 
the titanium and steel alloys, showing good agreement between the low and corrected 
high residual stress data.  
 
Deviation between the corrected LRS and corrected HRS FCG data generated on 1018 
steel specimens can be observed in the near-threshold regime.  Analysis of the fracture 
surface of the high residual stress 1018 specimen revealed significant crack bowing due 
to the severity of residual stress present in the specimen.  This effect was not observed on 
the fracture surfaces of any other specimens tested in this study.  During the increasing K 
portion of testing, crack bowing gradually disappeared.  Better agreement between the 
corrected FCG curves is observed in this region of growth in the absence of bowing.  
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(b) (c) 
Figure 5.5 FCG curves plotting crack growth rate (da/dN) as a function of applied stress 
intensity range, ΔKapp, under R=0.1: (a) Ti-6Al-4V alloy with LRS and HRS corrected 
with updated value for g(E
*
) of 1.69, (b) 1018 steel alloy with LRS and HRS, and (c) 
1018 steel alloy with LRS and HRS corrected with updated value for g(E
*
) of 2.93. 
(LRS=low residual stress, HRS=high residual stress)  
 
The severity of crack bowing observed due to large residual stresses negated adherence to 
the ASTM E647 testing standard, under more moderate levels of residual stress it can be 
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postulated that better agreement would have been observed between the two corrected 
FCG curves.      
 
5.2.4 High Stress Ratio Correction and Comparison to Closure Corrective Techniques 
At high stress-ratios, deviation in FCG behavior due to residual stress is likely a result of 
Kmax and stress ratio effects on crack growth as ΔK at the crack tip may not change due to 
residual stress induced closure.  In addition to residual stress corrections, closure 
corrections were performed using a previously developed fracture mechanics technique, 
the Adjusted Compliance Ratio method (ACR) [11].  Closure corrections were used to 
calculate the effective stress intensity range, ΔKeff, in the absence of closure, Equation 
(1.2).  
 
Closure corrections using the ACR method were applied to the low residual stress 6061-
T61 specimen at R=0.7, and residual stress corrections were applied to both the low and 
high residual stress specimens at R=0.7.  ACR was not applied to the high residual stress 
case due to the presence of Kmax effects that will not be compensated for in the ACR 
methodology.  The results of these corrections are shown in Figure 5.6.  Under the 
assumption that nearly all the crack closure that exists at high stress ratios is due to 
residual stress, an accurate closure correction and an accurate residual stress correction 
will yield similar results.  As shown in Figure 5.6, the low residual stress curve using the 
ACR method and the residual stress corrected curves and show very good agreement.  
This comparison combined with the effectiveness of the model at low and intermediate 
stress ratios demonstrate the robustness of the newly developed methodology and its 
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ability to provide accurate residual stress free FCG data for various materials, residual 
stress levels, and stress ratios.   
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Figure 5.6 FCG curve plotting crack growth rate (da/dN) as a function of applied stress 
intensity range, ΔKapp for residual stress corrected low and high residual stress conditions 
for 6061-T61 at R=0.7, and closure corrected ΔKeff calculated using the ACR method for 
a low residual stress specimen of 6061-T61 at R=0.7. 
 
Summary 
An analytical residual stress corrective technique has been proposed to correct FCG data 
influenced by residual stress.  The method is based on concepts used in the development 
of the Restoring Force Model, but uniquely includes effects of changing crack length, 
residual stress magnitudes, and plasticity contributions at high Kmax.  The corrective 
model is based on calculating the difference between the stress intensity necessary to 
achieve a given displacement above the original notch position prior to EDM and the 
measured applied stress intensity.  The methodology was applied to various alloys at low, 
intermediate, and high stress ratios with good agreement between low residual stress and 
corrected high residual stress FCG data.   
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Application of this technique to an alloy of different elastic modulus led to need for 
adjusting the correction parameters, incorporating a function of the modulus of elasticity 
of the material normalized to the modulus of elasticity of aluminum.  The addition of this 
material-based term led to good agreement between the low residual stress and corrected 
high residual stress FCG curves for titanium and steel alloys.   
 
A comparison was performed between residual stress corrected low and high residual 
stress data and closure corrected low residual stress data at high stress ratio, R=0.7.  Good 
agreement was observed.  While the methods correct different effects on FCG, closure 
corrections can be seen as a tool to generate an upper limit of long FCG correction since 
they remove all microstructural and residual stress induced closure effects.  It has been 
demonstrated newly developed model is effective at multiple stress ratios, which will 
lead to significant reductions in overly conservative safety factors and cost in engineering 
applications.   
 
The proposed technique can be applied to the testing of structural materials with residual 
stress to generate accurate FCG data to be further integrated into fatigue sensitive life 
predictions, modeling, design, and new materials development with high confidence.   
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CHAPTER 6: 
AN EVALUTATION OF RESIDUAL STRESS CORRECTION 
METHODS FOR FATIGUE CRACK GROWTH DATA BIASED BY 
RESIDUAL STRESS 
 
Chapter 6 provides an evaluation of three residual stress corrective models for FCG data 
will be performed: (1) the Restoring Force Model (RFM), (2) a real-time crack 
compliance methods, and (3) a newly developed analytical model introduced in Chapter 
5.  The effectiveness of the three methods is evaluated on aluminum, titanium, and steel 
alloys with low and high processing residual stresses and the results are compared.  One 
material was also studied at intermediate and high stress ratios.  Real-time applied stress 
ratios due to residual stress and residual stress, ζres, across the width of the FCG testing 
specimens were also evaluated.    
 
6.1 Experimental Results and Discussion 
The three residual stress corrective techniques described in Chapters 1 and 5 have been 
applied to fatigue crack growth test data for the A535, Ti-6Al-4V, 1018 steel, and 6061-
T61 alloys with varying levels of residual stress.  The results of the corrections are shown 
in Figures 6.1 to 6.7.  Figures 6.1 and 6.2 show the results of corrections for the as cast 
A535 alloys with 75µm and 275µm grain sizes respectively.  Figure 6.3 shows the results 
of corrections for the Ti-6Al-4V alloy.  Figure 6.4 shows the results of corrections for the 
1018 steel alloy.  Figures 6.5 to 6.7 show the 6061-T61 alloy tested at three stress ratios, 
R=0.1, R=0.5, and R=0.7 respectively.   
 
The RFM and analytical correction approach require front face notch displacements 
before the beginning of the FCG test.  The front face notch displacements of all C(T) test 
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specimens are shown in Table 2.6.  Corrections were not performed for displacements 
under 0.002 mm (0.0001 in.), as this was the measurement precision limit of the Nikon 
MM-400 microscope used to perform the measurements. 
 
Calculated FCG corrections for the crack compliance approach and analytical approach 
were fit to polynomial functions of crack length and applied to all FCG data to generate a 
continuous growth rate curve. The analytical method resulted in a near-linear relationship 
between crack length and the calculated ∆Kcorrection up to significantly long crack lengths 
and high Kmax values.  R
2
 values for the polynomial fits were found greater than 0.999.  
Kres calculations were performed every 0.51 mm (0.02 in.) or 500,000 cycles, whichever 
occurred first since the previous Kres measurement.  The polynomial fits of the calculated 
Kres were found to have an R
2
 values greater than 0.9. 
 
Crack compliance and Restoring Force Model corrections, Chapter 1, were only applied 
if the following relationship was satisfied.  
0min  resKK          (6.1) 
 
It is only if Equation (6.1) is satisfied that a change in the stress intensity range occurs. 
This assumption does not account for microstructural closure effects.  If the calculated 
Kres met these requirements, the stress ratio was assumed to be zero, and the applied 
correction was not Kres, but rather the sum Kmin + Kres.  Under an assumed zero stress 
ratio, Kmin + Kres would correspond the ∆K shift due to residual stress.  It was found that 
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for most of the R=0.5 and R=0.7 tests, that Equation (6.1) was not satisfied, and therefore 
no corrections were performed.   
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(a) 
 
(b) 
 
(c) 
Figure 6.1 Residual stress corrective techniques applied to the as cast A535 alloy with 
75µm grain size.  (a) RFM corrected data, (b) crack compliance corrected data, (c) 
analytically corrected data.  
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(a) (b) (c) 
Figure 6.2 Residual stress corrective techniques applied to the as cast A535 alloy with 
275µm grain size.  (a) RFM corrected data, (b) crack compliance corrected data, (c) 
analytically corrected data. 
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(a) (b) (c) 
Figure 6.3 Residual stress corrective techniques applied to the mill annealed Ti-6Al-4V 
alloy. (a) RFM corrected data, (b) crack compliance corrected data, (c) analytically 
corrected data.  
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(a) (b) (c) 
Figure 6.4 Residual stress corrective techniques applied to the 1018 steel alloy 
(a) RFM corrected data, (b) crack compliance corrected data, (c) analytically corrected 
data. 
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(a) (b) (c) 
Figure 6.5 Residual stress corrective techniques applied to the 6061-T61 alloy at R=0.1. 
(a) RFM corrected data, (b) crack compliance corrected data, (c) analytically corrected 
data.  
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(a) (b) (c) 
Figure 6.6 Residual stress corrective techniques applied to the 6061-T61 alloy at R=0.5. 
(a) RFM corrected data, (b) crack compliance corrected data, (c) analytically corrected 
data. 
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(a) (b) (c) 
Figure 6.7 Residual stress corrective techniques applied to the 6061-T61 alloy at R=0.7. 
(a) RFM corrected data, (b) crack compliance corrected data, (c) analytically corrected 
data. 
 
 
RFM corrections to FCG data led to an over-correction in all cases but the titanium and 
steel alloys at R=0.1.  The crack compliance method provided better agreement between 
low and high residual stress data at R=0.1 than the RFM.  Testing sensitivities are 
observed in the corrected FCG curves at low Kmax.  Similar to the RFM, the crack 
compliance approach does not offer a corrective methodology under the condition that 
Equation (6.1) is not satisfied, and the crack remains open.  Therefore, corrections were 
applied to very few portions of FCG data generated at R=0.5 or R=0.7.  The analytical 
corrective approach generates good agreement in all specimens at low and intermediate 
growth rates, except for the 1018 steel specimen with high residual stress in the near 
threshold regime.  However, analysis of the fracture surface of the high residual stress 
1018 specimen revealed significant crack bowing due to the severity of residual stress 
present in the specimen.  Due to the design of the empirical function in the analytical 
approach larger corrections are performed at low stress ratios to account for ΔK changes 
due to closure.  At intermediate and high stress ratios, the analytical approach applies 
smaller corrections to account for the more subtle effects of residual stress on Kmax. 
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6.2 Measuring Kres, Stress Ratio, and Residual Stress Distributions Using the 
Crack Compliance method 
In Section 6.1 it was presented that the crack compliance method did not provide an 
adequate methodology to correct FCG data produced in the near-threshold regime or at 
intermediate and high stress ratios.  However, since it calculates a fracture mechanics 
derived Kres it is appropriate to be applied to calculate real-time applied stress ratios and 
residual stress distributions in FCG test specimens.  An additional 6061-T61 test 
specimen was used for this study which had been cold water quenched to introduce high 
residual stress.  The specimen was FCG tested under constant applied Kmax conditions, 
Kmax=10.98 MPa√m, large enough to produce reliable load-displacement records. Kres 
calculations were performed every 0.63 mm (0.025 in.).  The growth rates and Kres 
distributions for the constant Kmax test are shown in Figures 6.8 (a) and (b) respectively.   
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(a) (b) 
Figure 6.8 FCG results from 6061-T61 high residual stress specimen tested at Kmax=10.98 
MPa√m as a function of crack length: (a) crack growth rates and (b) calculated Kres 
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6.2.1 Real-time Stress ratio 
Kres results shown in Figure 6.8(b) can be used to calculate the real-time applied stress 
ratio due to residual stress by applying Equation (1.4).  The resulting applied stress ratios 
as a function of crack length are shown in Figure 6.9.  
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Figure 6.9 Real-time stress ratio distributions across the 6061-T61 constant Kmax, 
nominal R=0.1 test specimen. 
 
This technique of calculating the real-time applied stress ratio using residual stress 
considerations is useful when the effects of stress ratio on the FCG behavior of a material 
are desired.  It is important to note that the stress ratio calculated in Figure 6.9 does not 
include microstructural closure effects and is not indicative of the crack tip stress ratio.   
 
6.2.2 Residual Stress Distribution 
Upon calculating the Kres distribution throughout the width of the specimen, the residual 
stress, ζres, distribution can also be determined.  The relationship between Kres and ζres in 
the direction perpendicular to the crack length is given by Equation (6.2) [20]. 
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     
a
a
resres dxxaxhaK
0
,          (6.2) 
Equation (6.2) can be solved for residual stress when Kres is known by assuming that the 
residual stress magnitude within each incremental crack extension from aj-1 to aj is 
constant.  Equation (6.2) can then be rewritten in discrete form as:  
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,         (6.3) 
The weight function h(x,a) is a geometry dependent function.  In this work, a prior 
formulation of the weight function for a C(T) specimen was used, Equation (6.4) [44]. 
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Coefficients Avu are listed in Table 6.1, and ai in Equation (6.4) is the crack length 
measured from the load line (center of pin holes). 
Table 6.1 Avu coefficients in Equation (6.4) [44] 
                u 
 ν   
0 1 2 3 4 
0 2.673 -8.604 20.621 -14.635 0.477 
1 -3.557 24.9726 -53.398 50.707 -11.837 
2 1.230 -8.411 16.957 -12.157 -0.940 
3 -0.157 0.954 -1.284 -0.393 1.655 
 
Using numerical integration the residual stress magnitudes at each crack increment can be 
calculated.   The residual stress distributions for constant Kmax tested specimen is shown 
in Figure 6.10.  This technique of residual stress measurement is advantageous since both 
FCG and residual stress measurements can be conducted simultaneously.  
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Figure 6.10 Stress distribution across the 6061-T61 constant Kmax specimen. 
 
Summary 
The new analytical methodology generates better agreement between low residual stress 
and corrected high residual stress specimens than the previously developed Restoring 
Force Model and crack compliance method.  The new method can accurately correct 
FCG data with residual stress for a variety of structural materials and stress ratios.  The 
analytical method of residual stress correction has a dependence on crack length, stress 
ratio, and elastic modulus.     
 
Real-time applied stress ratios and residual stress, ζres, calculation by the crack 
compliance method has also been demonstrated on 6061-T61 high residual stress 
specimen tested at constant Kmax.  Thus a FCG test can be used for residual stress 
measurement too.  This is particularly useful in optimizing processing techniques in 
terms of fatigue performance or residual stress magnitudes.   
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The presented analytical and crack compliance methods are methodologies that can be 
applied to FCG testing when knowledge of the effect of residual stress on measured ΔK 
values, real-time stress ratio, or residual stress magnitudes are of interest.  It is an 
effective tool to supply accurate FCG data without bias from residual stress influence.  
Furthermore, the residual stress state in the specimen can be calculated from the same set 
of data.  This eliminates a separate residual stress measurement test.  These techniques 
are ready to be applied to different engineering structural materials, which normally are 
under certain residual stress influence.  With more accurate FCG data without residual 
stress influence, process optimization and structural performance improvements can be 
achieved with high confidence.   
   
 
  
112 
 
CHAPTER 7: 
CONCLUSIONS AND FUTURE WORK 
 
In Chapter 3 it was found that processing residual stresses can be accurately replicated 
using experimental mechanical methods.  These methods are advantageous since they do 
not alter the material’s microstructure and have the ability to be well-controlled and 
predicted using FEA modeling. Using these techniques to vary residual stress magnitudes 
and distributions will lead to an understanding of material response under a variety of 
residual stress and loading conditions.  The technique can also be applied to validate 
fatigue crack growth corrective models, simulations, and life predictions.  The results, 
particularly knowledge of the residual stress and stress intensity due to residual stress 
distributions were applied in later Chapters.  
 
In Chapter 4, residual stress was shown to not only affect crack growth rates, but also 
change crack path behavior in terms of roughness and branching.  High residual stress 
specimens resulted with fracture surfaces with higher roughness and crack branching.  
Near threshold facets show correspondence to the radius of the plastic zone.  Region II 
behavior demonstrates a dependence of accurate fatigue striation measurement on the 
applied stress ratio and degree of static failures.  Crack path behavior, such as crack path 
deflection due to interaction with Cr-dispersoids, is observed to be dependent on 
parameters ΔKeff and Kmax+Kres, which correspond to the input strain energy and 
damaged zone ahead of the crack tip leading to a characteristic energy release and growth 
rate at each applied stress ratio.  
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In Chapters 5 and 6, an analytical correction to fatigue crack growth data collected in the 
presence of residual stresses is produced which generates good agreement between 
corrected high residual stress data with data collected in minimal residual stress.  The 
technique is compared to two other methodologies currently in literature, and found to 
perform better on a variety of tested materials and stress ratios.  Fracture mechanics 
approaches, while accurate; do not offer a methodology to correct for the changes in 
stress ratio, crack closure, Kmax, and microstructural crack path characteristics.  The crack 
compliance method, while not suitable for FCG correction, is a fracture mechanics tool 
that can be used to calculation real-time applied stress ratios with residual stress 
considerations as well as the residual stress distribution throughout the test specimen.   
 
I would like to recommend the following steps for those wishing to continue the 
development of the current work.  The development of a comprehensive fatigue crack 
growth model to simulate crack growth in the presence of residual stress, presents itself 
as the next evolutionary step in this study.  The model, likely developed using finite 
element analysis, would incorporate changes in roughness and crack path behavior using 
Virtual Crack Closure (VCC) and Cohesive Zone Modeling (CZM) techniques.  The 
application of cohesive modeling would allow for the numerical modeling of fatigue and 
fracture properties to materials with microstructure in the presence of macro and micro 
residual stresses.  Numerical techniques involving crack closure will require more 
detailed relative area measurements of crack path roughness.  Relative length was used 
due to the availability of equipment, and is not an accurate reflection of the entire crack 
path roughness.   
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Further exploration using a two parameter ΔKeff – Kmax+Kres approach could lead to a 
greater understanding of material response which appear to show dependency on input 
strain energy as well as the extent of damage ahead of the crack.  Application of the 
Adjusted Compliance Ratio method (ACR) and crack compliance methods to calculate 
ΔKeff and Kres respectively would allow the application of this two parameter approach to 
long crack data, accounting for the presence of crack closure and residual stress.   
 
Further refinement of analytical tools to correct fatigue crack growth data collected in 
residual stress is necessary to state whether the technique is universally application to all 
materials, stress distributions, and testing conditions.  Stress ratios of -2 to 1 are 
commonly used in fatigue crack growth testing, magnesium and nickel based alloys are 
also common in structural applications, and residual stress distributions are also often 
more complex than the monotonic distribution created by a quench.    
 
The application of knowledge gained though this study, as well as the following of the 
future work suggested will result in a thorough knowledge base of how to measure, 
understand, and correct the effect of residual stress on fatigue crack growth.  Ultimately 
this understanding will lead to greater design confidence in critical structural applications 
and gains in performance and efficiency. 
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